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INTRODUCTION.
There  a r e  v e r y  few b r a n c h e s  o f  modern e n g i n e e r i n g  p r a c t i c e  
i n  which th e  s u b j e c t  o f  H ea t  T r a n s m i s s io n  i n  i t s  w i d e s t  sense  
d oes  n o t  e n t e r  u n d e r  one a s p e c t  or  a n o t h e r :  from t h e  s im p le  
p r o c e s s  o f  p r o p o r t i o n i n g  a d o m e s t i c  h e a r t h  f o r  a room o f  g i / e n  
S i z e ,  t o  t h e  more c o m p l i c a te d  d e s i g n  o f  a modern steam p l a n t
f o r  a l a r g e  power s t a t i o n .
I t  i s  a l s o  one o f  t h e  s u b j e c t s  which l e n d s  i t s e l f  to  
f r u i t f u l  r e s e a r c h ,  a l b e i t  t h e  f i n a l  r e s u l t s  a c h i e v e d  seem v e r y  
meagre when compared to  t h e  amount o f  p r e p a r a t i o n  n e c e s s a r y  to  
e n s u r e  a s a t i s f a c t o r y  d e g re e  o f  a c c u ra c y  o f  t h e s e  r e s u l t s .
I t  was on a cc o u n t  o f  t h e  p o s s i b i l i t i e s  o f  t h i s  s u b j e c t  t h a t ,  
a s  f a r  back  as  1920, Dr. A.L. M el lanby  s u g g e s t e d  t h a t  i t  sh o u ld
be t a k e n  up ,  and d i r e c t e d  a t t e n t i o n  t o  the  l i t e r a t u r e  which
sh o u ld  form th e  b a s i s  o f  any s t u d i e s ;  Osborne R e y n o ld ’ s p a p e r  
("On t h e  E x te n t  and A c t io n  o f  th e  H e a t i n g  S u r f a c e  f o r  Steam 
B o i l e r s " )  and N i c o l s o n ’ s c l a s s i c a l  c o n t r i b u t i o n  to  the  
P r o c e e d in g s  o f  t h e  I n s t i t u t i o n  o f  E n g in e e r s  and S h i p b u i l d e r s  
i n  S c o t l a n d  ( B o i l e r  Economics and t h e  u se  o f  h i g h  gas  sp eed s )
im m ed ia te ly  d e c id e d  th e  c h o ice  o f  t h a t  form o f  Heat
T r a n s m is s io n  which d e a l s  w i th  th e  t r a n s f e r  o f  h e a t  from one 
f l u i d  to  a n o th e r  th ro u g h  a m e ta l  w a l l ,  as  a s u b j e c t  o f  
r e s e a r c h .
V a r io u s  p i e c e s  o f  a p p a r a t u s  were p l a c e d  a t  my d i s p o s a l  i n  
t h e  L a b o r a to r y  of  th e  M echan ica l  E n g in e e r i n g  Depar tm ent  a t  t h e  
Royal  T e c h n ic a l  C o l l e g e ,  and I t a k e  t h i s  o p p o r t u n i t y  to  
e x p r e s s  my th a n k s  and my i n d e b t e d n e s s  to  Dr. M e l lan b y ,  f o r  h i s  
c o u r t e s y  and h e l p f u l  a d v ic e .
( :V ~ /
The f i r s t  o b j e c t i v e ,  a f t e r  a s tu d y  o f  th e  s u b j e c t  
c o v e r i n g  3 o r  4 y e a r s  had  been  made, was t o  f i n d  o u t  i n  w h a t  
manner 0. new l i n e  o f  r e s e a r c h  c o u ld  be i n i t i a t e d  and developed* 
Numerous e x p e r i m e n t s  were met w i t h ,  c a r r i e d  o u t  by renowned 
e x p e r i m e n t e r s ,  d e a l i n g  a lm o s t  e x c l u s i v e l y  w i th  h o t  a i r  and 
w a t e r ,  d ry  or  wet s team  and w a t e r ,  b u t  v e ry  few in d ee d  c o n c e rn ­
in g  a f l u i d  and m e ta l  s u r f a c e .  These numerous e x p e r i m e n t s  a re  
a l l  t h e n  o f  what m ight  be te rm ed an o v e r a l l  c h a r a c t e r :  f o r  
exam ple ,  t h e r e  a r e  severs . !  e x p e r i m e n t s  on th e  t r a n s m i s s i o n  o f  
h e a t  from A ir  (o r  h o t  f l u e  g a s e s )  t o  w a t e r ,  o f  which th e
r e s u l t s  a re  e x p r e s s e d  a s  a  p l o t  o f  " h e a t  t r a n s m i t t e d  p e r  sq .
p e r  °F*
f o o t  o f  h e a t i n g  s u r f a c e  p e r  h o u r / f r o m  A ir  (o r  h o t  f l u e  g a se s )  
t o  w a te r "  on a b ase  o f  a i r  (o r  h o t  f l u e  g a s e s )  sp e e d ,  and t h i s  
s im p ly  b eca u se  i t  was e x p e r i m e n t a l l y  p ro v ed  t h a t ,  w i t h i n  th e  
l i m i t s  o f  t h e s e  e x p e r i m e n t s ,  t h e r e  seemed t o  be v e ry  l i t t l e  
change i n  th e  q u a n t i t y  o f  h e a t  which was t r a n s m i t t e d  by a l t e r -
J
ing  t h e  w a te r  speed  w h i le  m a i n t a i n i n g  a c o n s t a n t  f low  o f  a i r  
(o r  h o t  f l u e  g a s e s ) ,  whereas  th e  e f f e c t  o f  v a r y i n g  th e  gas 
speed  was more n o t i c e a b l e .
U n t i l  r e c e n t  y e a r s ,  such p l a n t s  a s  a i r  p r e h e a t e r s  were 
h a r d l y  deemed one o f  th e  n e c e s s a r y  a d j u n c t s  o f  medium and 
l a r g e  b o i l e r  p l a n t s ,  and even s u p e r h e a t e r s  were p r o b a b ly  
d e s ig n e d  by e m p i r i c a l  r u l e s ,  s i n c e  a s  r e c e n t l y  as  1928, the  
a u th o r  came a c r o s s  a d e s i g n  o f  s u p e r h e a t e r s  by S p e c i a l i s t s  in  
t h a t  c l a s s  o f  work who u se d  th e  r e l a t i o n  h e a t  t r a n s m i s s i o n
Q
r a t e  = c o n s t a n t  x ( temp, d i f f e r e n c e )  . With t h e  a d v en t  o f  
such p l a n t s  as  a i r  p r e h e a t e r s ,  s u p e r h e a t e r s ,  i n t e r h e a t e r s  or  
r e  s u p e r h e a t e r s  and d e s u p e r h e a t e r s , t o g e t h e r  w i th  th e  enormous 
p r o p o r t i o n s  which t h e s e  u n i t s  may assume i n  modern p l a n t s ,  the  
n e c e s s i t y  f o r  a c c u r a t e  d e t e r m i n a t i o n  o f  the  h e a t i n g  or c o o l i n g  
s u r f a c e s  i s  o f  f i r s t  im por tance  and in v o lv e s  a more i n t i m a t e  
knowledge of  what e x a c t l y  a re  th e  p o s s i b l e  v a l u e s  o f  the  h e a t  
t r a n s m i s s i o n  c o e f f i c i e n t s  conce rned .
I t  became q u i t e  c l e a r  t h a t ,  s in c e  th e  speed  o f  the  h o t  
g a se s  ( a i r ,  f l u e  g a se s  or s u p e r h e a t e d  steam) had such an 
im p o r ta n t  b e a r i n g  upon th e  magnitude  o f  th e  h e a t  t r a n s m i s s i o n /
I 2;
t r a n s m i s s i o n  c o e f f i c i e n t /  when d e a l i n g  w i th  one o f  t h o s e  gas^o
and w a t e r ,  a similar* and e q u a l l y  i m p o r t a n t  e f f e c t  would he
p ro d u ce d  i f  t h e  w a t e r  were r e p l a c e d  by any one o f  t h e s e  g a s e s
as  a  c o o l i n g  a g e n t .  E x a c t l y  i n  t h e  same way, v/hen h o t  o i l  i s
c o o le d  by w a t e r ,  t h e  sp eed s  o f  b o th  l i q u i d s  c o u ld  oe e x p e c te d
to  i n f l u e n c e  th e  o v e r a l l  r a t e  o f  h e a t  t r a n s m i s s i o n  t o  a more
o r  l e s s  e q u a l  e x t e n t . .  An o v e r a l l  r a t e  o f  h e a t  t r a n s m i s s i o n ,
i n  c a s e s  such as t h e s e ,  cou ld  n o t  v e ry  w e l l  be e x p r e s s e d
s o l e l y  a s  a f u n c t i o n  o f  th e  speed  o f  one of  t h e  f l u i d s .  The
c o n c l u s i o n  was t h a t  t h e  o v e r a l l  method o f  r e s e a r c h  sh o u ld  be
abandoned ,  a t  l e a s t  t e m p o r a r i l y ,  and som eth ing  e l s e
s u b s t i t u t e d  i n s t e a d .
While Reynold*s  l a w , t h a t  th e  h e a t  t r a n s m i t t e d  by each  sq u a re
f o o t  o f  m e ta l  s u r f a c e  p e r  u n i t  t im e  (H); i s  u s u a l l y  e x p r e s s e d  in
th e  form H = (A ^~Bpv)(T i t  i s  o f t e n  more c o n v e n ie n t  to
t r a n s f o r m  i t  i n t o  h = A 4- B 35L . ”h ” i s  t h e  h e a t  t r a n s m i t t e da
be tw een  f l u i d  and m e ta l  p e r  sq ua re  f o o t  o f  s u r f a c e  p e r  u n i t  
t im e ;  p e r  °F d i f f e r e n c e  o f  t e m p e r a t u r e .
With th e  Second as  t h e  u n i t  o f  t im e ,  and th e  B r i t i s h  Thermal
U n i t  as  th e  u n i t  o f  h e a t ,  t h i s  q u a n t i t y  w i l l  be c a l l e d  th e
’’Rate  o f  h e a t  t r a n s m i s s i o n " t h r o u g h o u t  t h i s  t h e s i s ,  and v a r i o u s  
s u b s c r i p t s  w i l l  be a f f i x e d  t o  t h i s  symbol t o  e n a b le  i t  t o  be 
r e t a i n e d  i n  c a s e s  where more th an  one h e a t  t r a n s m i s s i o n  r a t e  i s  
c o n ce rn e d .
A & B a re  th e  u s u a l  R e y n o ld ’ s c o n s t a n t s ,
w i s  th e  r a t e  o f  f l u i d  f low  i n  l b / s e c . ,
a i s  th e  c r o s s  s e c t i o n a l  a r e a  o f  f low  i n  s q . f e e t .
2  (® p v )  w i l l  be c a l l e d  t h e  ”Mass-Flow R a t e ” t h r o u g h o u t  
t h i s  t h e s i s .
The e q u a t i o n ,  when w r i t t e n  in  t h i s  l a s t  form, h a s  th e
advan tage  of  c o n t a i n i n g  on ly  one v a r i a b l e  w, and i s  t o  be
a
p r e f e r r e d  from t h i s  p o i n t  o f  v iew .
L e t  any h o t  f l u i d  f low  on one s i d e  of  a m e ta l  tube  a t  a
known mass f low  r a t e  to  which c o r r e s p o n d s  th e  c o e f f i c i e n t  
h]_, and l e t  any c o ld  f l u i d  f low  on th e  o t h e r  s i d e ,  mass flow
r a t e  wg, c o e f f i c i e n t  h 9 . 
a 2
At any s e c t i o n  o f  a t h i n  t u b e ,  l e t  T, -0-, t ,  be t h e /
( 4 )
t h e  t e m p e r a t u r e s  o f  t h e  h o t  f l u i d ,  th e  mean m e ta l  and th e  
c o ld  f l u i d  r e s p e c t i v e l y .
- / / / / / d V / / A
t
\  A ■Sx
fva. /.
Over an i n f i n i t e s i m a l  l e n g t h  o f  tu b e  g x ,  th e  t e m p e r a t u r e s  w i l l  
be s e n s i b l y  c o n s t a n t ,  and i f  t h e  mean m e ta l  s u r f a c e  be 
c o n s i d e r e d  as  t h e  h e a t  t r a n s m i t t i n g  s u r f a c e ,
hx . TT.d.  S x .  (T -  -0-) ** h2 .T T .d .  8x. (-0- -  t )  .
Aga in ,  i f  bg ® th e  o v e r a l l  c o e f f i c i e n t ,  each  o f  t h e  above 
= h .T T .d .  8x . (T  -  t ) .IIq
H en ce : -  1 +  T -  -6- = 1 -t- hp
•0- ~ t  KJ
T -  t  = h i  4- h 2
■0- “■ t  h
B u t ,
1
T -  t  -  h2
^ ~ t  hQ
• * • — ~ h i  -t- h2
ho hp h 2
o r  4  “ — —
ho hp h2
Thus th e  above c o n s i d e r a t i o n  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  t h e  
o v e r a l l  r a t e  i s  depen d en t  upon each  o f  two i n d i v i d u a l  r a t e s  
which i n  t u r n  a r e  f u n c t i o n s  o f  t h e  i n d i v i d u a l  f l u i d  s p e e d s .  
HENCE", IN AN ABSOLUTE SENSE, NO CASE OP OVERALL HEAT 
TRANSMISSION RATE CAN BE REGARDED AS BEING DEPENDENT ON ONE 
OF THE FLUID FLOWS ALONE. T h is  p r o b a b l y  a c c o u n t s  f o r  t h e  
f a c t  t h a t  t h e  r e s u l t s  o f  d i f f e r e n t  i n v e s t i g a t o r s  show some 
l a c k  o f  ag reem en t :  While each  e x p e r i m e n t e r  r e c o g n i s e d  the  
a p p a r e n t  i n e f f e c t i v e n e s s  o f  th e  m otion  o f  th e  one s p e c i f i c  
f l u i d  th r o u g h o u t  th e  ran g e  o f  h i s  own p a r t i c u l a r  f i e l d  o f  
r e s e a r c h ,  y e t , t h e  s t u d e n t  who w ish es  t o  compare t h e s e  s e v e r a l  
r e s u l t s -  must t a k e  acco u n t  o f  th e  d e g re e  o f  i n e f f e c t i v e n e s s  o f  
t h a t  p a r t i c u l a r  f l u i d .
As an example o f  th e  above,  th e  s u r f a c e  c o n d e n s a t io n  o f  
steam by a c u r r e n t  o f  c o ld  w a te r  p r e s e n t s  th e  s t r o n g e s t  
e v id en ce .  In  no o t h e r  i n s t a n c e  o f  h e a t  t r a n s m i s s i o n  work i s  
t h e r e  such wide d i s a g re e m e n t  be tween th e  r e s u l t s  o f  d i f f e r e n t  
i n v e s t i g a t o r s .  I t  i s  s u r p r i s i n g  t o  n o te  how wide a p a r t  a r e /
(5)
a re  th e  p l o t t e d  p o i n t s  showing o v e r a l l  h v a l u e s  on a base  o f  
f o r  w a t e r .
T a b le s  A and B have  been  compiled  from W.G. W e b s te r ’ s d a t a .  
(P r o c e e d in g s  o f  th e  I n s t i t u t i o n  o f  E n g in e e r s  and 
S h i p b u i l d e r s  in  S c o t l a n d  -  1 9 1 3 -1 4 ) .
TABLE A. STEAM PRESS JL8.*_5 l b / in2 a b s .
1 No. o f  Exper im ent
..... -......r  ~

























2 Water speed  f t / s e c . 2 .4 6 4 .6 6 9 .8 3 1 6 .1 1 2 .5 7 .3 2 1.23
3 w w a t e r .
a
153 291 615 1005 781 458 76.8
4 H e a t / s e c / s q . f t , w a te r .  
B. Th . U. 3 2 .7 4 3 .2 5 5 .8 69.7 .
6 9 .0 5 4 . 3 | 23.9
i
i
5 Mean m e ta l  t e m p . ,  
w a te r  s i d e  -0-w °F 190.
178 153 135. 5 1 5 9 .6 170 188
6 Mean w a te r  temp. t wOf—
r
7 3 .4 6 4 .1 5 7 .6 5 4 .3 5 6 .8 59 .1 84. 4-
7
!
h-w ~ gw) • 10 .281 0 .380 0 .5 8 5 0 .810 0 .6 73
2 .0 5





1 , c o r r e c t e d  to  mean 
w s u r f a c e  a r e a .
'
4 .90 3 .5 2 2 .35 1 .7 0 2 .81 5. 96
9 H e a t / s e c / s q . f t . s team . Hs . B.Th.U. 1 9 .8 26 .2 23 .8
65 .0
4 2 . 3 j 4 1 .8
___  _L_ _ _
3 2 .8 14.5
j
iiot t s -  -e-s ° F 3 1 .4 4 1 .0 8 1 .5 58 .3 48. 6 33.0
i
>11j Steam speed f t / s e c .Mean 36 32
. ,
34 3 0 .5 68 54 22
12 h s -  Hb/ ( T b -  # s ) 0 .6 3 . 64- .52 .52^ . 715 ' . 67 5 '*




1 7 c o r r e c t e d  t o  mean 





i . 5 i ; 1 .1 0 1.165!
t
1 .79
14 l  -4- l  -  l  ^ s  E0 6 .15 4 .75 3 .21 3 .15
i
3 . 9 7 5 | 7 .75
15 ho 0 .163
1 1
0 .2 1 1
t
0 .259  jO.312 0.318!t
i
0 .252  10.129
l
16 T s V 225 .6 223.7 223 .9  |
t





225 .5  j o o •y rz (O 60 » O
17 O v e r a l l  mean temp, 
d i f f .  t m °F 1 52 .2 159. 6 166 .3 1 6 9 . 6 |i
171 .8
1
1 6 6 . 4 |139.1




43. 6 |{ 19 .2
19 ho ” h / t m 0 .1 7 3 0 .218 0 .269  ......i
T
0 . 3 3 1 |0 .3 1 9  |. . ...i.... ..... . L0 .2 62  10.138
( 6 )
TABLE B. STEAM PRESS; 90 l b / i n 2 a b s .
1 No. o f  E xper im en t 71 75 98 99 100 101 102
2 Water speed  f t / s e c . 2 .7 6 .3 6 2 .7 6 2 .7 6 6 . 2 6. 55 1 1 . 6
3 H ( w a te r ) 169 398 173 173 338 410----------
725
4 H e a t / s e c / s q . f t .  w a t e r .  Hw. B.Th.U.
60 .5 7 7 .3 62 .5 6 7 .5 7 4 .5 8 7 .7 1 1 2 .5
L
5 Mean m e ta l  temp, w a te r  
s i d e  (-^w)
242 .5 214 .2 2 4 3 .4 248 2 1 7 .8 231 .7 2 10 .5
6 Mean w a te r  temp. ( t w^F
90 .7 7 0 .6 9 5 .3 9 8 .9 7 3 .2 7 6 .2 6 8 .2
7 'n w = Hw/(9-w ~ ^w) 0 .3 9 8 0 .538 0 .4 2 2 0 .4 5 3 0 .5 1 6 0 .5 6 5 0 .7 9 0
8 c o r r e c t e d  to  m ea n  
w s u r f a c e  a r e a .
3 .4 5 2 .5 6 3 .2 6 3 .0 4 2 .6 8 2 .4 4 1 .7 4




46 .8 3 7 .8 4 0 .8 4 5 .2 5 3 .2 6 8 .2
10 t s  -  -e-s r 7 2 .3 98 .5 7 1 .5 67 .3 9 7 .0 8 1 .3 1 0 0 .7
11 Steam speed f t / s e c .  (me■an) 5 .2 1 1 .3 1 0 .3 1 8 .0 8 . 5 2 7 .2  3 2 .0
12 h-g = Ks/ ( T s -  -0b ) 0 .5 0 8 0 .4 7 5 0 .5 2 9 0 .608 0 .4 6 6 0 .6 5 5 0 .6 7 8
13 1 c o r r e c t e d  t o  mean 
s s u r f a c e  a r e a .
1 .4 2 1 .6 5 1 .4 8 1 .2 9 1 .6 9 1 .5 1 1 . 1 6
14 1 + 1 = 1k g  k-w ITq 4 .87 4 .21 4 .7 4 4 .3 3 4 .3 7 3 .9 5 2 .90
15 k 0 0 .2 0 5 0 .237 0 .2 1 1 0 .231 0 .2 2 9 0 .2 5 3 0 .3 4 5
16 t s  r 320 .5 320 320.7 321 .4 321 .5 3 2 1 .1 322 .1
17 O v e r a l l  mean temp, 
d i f f .  t m ‘F 229.8 2 49 .4 2 25 .4 222 .5 248 .3 244 .9 253 .9
18 H e a t / s e c / s q . f t . mean.H. 44 .0 5 6 .2 4 5 .5 4 9 .1 54. 2 63 .8 8 1 .8
| l9




0 .261 0 .3 2 2
(NOTE:- Since  ave rage  m e ta l  t e m p e r a t u r e s  o n ly  a r e  g iv en  by
W ebster ,  the  v a r i o u s  mean t e m p e r a t u r e  d i f f e r e n c e s  have  been  t a k e n  
as  a r i t h m e t i c a l  means, and h e a t  t r a n s m i s s i o n  r a t e s  have  been  
based  upon t h e s e ) .
Line 14 shows t h e  o v e r a l l  r a t e  as  c a l c u l a t e d  from th e  i n d i v i d u a l
r a t e s ,  a f t e r  c o r r e c t i o n  had  been  made f o r  th e  mean s u r f a c e  a r e a .
Line 19 h a s  been d i r e c t l y  c a l c u l a t e d  from o v e r a l l  d a t a ,  and th e
/— n ?agreement  w i th  l i n e  1 4 } i s  s u f f i c i e n t  t o  d e m o n s t r a te  t h e  r e l a t i o n
i. -  1 +  1
h 0 h^ h 2
Now i t  i s  v e ry  obv ious  t h a t  a l l  the  f i g u r e s  from l i n e  12 which 
e x p r e s s  t h e  e f f e c t  o f  th e  s team speed on th e  o v e r a l l  r a t e  o f  h e a t /
( 7 )
h e a t  t r a n s m i s s i o n ,  on t h e  s team  s i d e ,  a r e  com parab le  t o ,  o r  o f  
t h e  same o r d e r  a s  the^ f i g u r e s  i n  l i n e  7 ,  which e x p r e s s  t h e  e f f e c t  
o f  t h e  w a te r  sp eed  on t h e  w a te r  s ide*  I n d e e d ,  u n d e r  t e s t  102 ,  
t h e  one i s  0 .6 7 8  and t h e  o t h e r  0 . 7 9 ,  a  r a t i o  of* 1 t o  1 . 1 6 .
Under t h o s e  c i r c u m s t a n c e s ,  ag reem en t  c a n n o t  be e x p e c t e d  amongst  
o v e r a l l  r a t e s  when p l o t t e d  on a b a s e  o f  w a te r  sp e e d .
I t  i s  o n ly  in  a c ase  such as a i r  and w a t e r  where t h e  o r d e r  o f
t h e  i n d i v i d u a l  r a t e s  i s  a s  0 .0 0 5  f o r  a i r  t o  0 .2 0  f o r  w a t e r ,
t h a t  any such o v e r a l l  p l o t  can have  any s i g n i f i c a n c e  and be o f  
any u s e .
Again  t h e  f u l l  im p o r tan ce  o f  t h e  r e l a t i o n  i  s  iL 1. w i l l  be
h o h l  h 2
r e a l i s e d ,  when i t  comes t o  §t q u e s t i o n  o f  o b t a i n i n g  v a l u e s  f o r  
h f o r  a f l u i d  which h as  n o t  y e t  been  e x p e r im e n te d  w i t h .
For  exam ple :  suppose th e  i n v e s t i g a t o r  d e s i r e s  t o  o b t a i n  h f o r  a 
m e ta l  and s u p e r h e a t e d  s team .  Choosing as  a h e a t i n g  o r  c o o l i n g  
f l u i d  (a s  th e  case  may b e ) ,  a i r  whose v a l u e s  o f  h to  m e ta l  we 
s h a l l  say  have  been  p r e v i o u s l y  a s c e r t a i n e d ,  he w i l l  o b t a i n  th e
f o l l o w i n g  o v e r a l l  d a t a : -
(1) a i r  f lo w ,  s team f low ;
(2) a i r  t e m p e r a t u r e s  and s team t e m p e r a t u r e s ;
From t h e s e ,  t h e  o v e r a l l  r a t e  h 0 i s  f i r s t  c a l c u l a t e d ,  and from
th e  fo rm ulae  1. s  1 4- 1
**0 ^ a i r  ^ s tea m  
th e  v a lu e  o f  h g^eain can be found  f o r  v a r i o u s  steam f lo w s ,  w h i le
m a i n t a i n i n g  a s t e a d y  a i r  f lo w .  But o f  c o u r s e ,  t h i s  l a s t
c o n d i t i o n  i s  n o t  s in e  qua non,  s i n c e  i t  i s  supposed  t h a t  h a i r
i s  known as  a f u n c t i o n  o f  th e  a i r  "wH.
a
Hence th e  o b j e c t s  o f  e x p e r i m e n t e r s  sh o u ld  be d i r e c t e d  to w ard s  
e s t a b l i s h i n g  r a t e s  o f  h e a t  t r a n s m i s s i o n  be tw een  'm e ta l*  and 
v a r i o u s  f l u i d s .  These would a l l o w  o f  t h e  b u i l d i n g  up o f  a 
c h a r t  somewhat as  p e r  f i g u r e  ( 2 ) ,  o v e r .
And i t  i s  tow ard s  t h i s  end t h a t  e f f o r t s  have  been  d i r e c t e d  in  
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( 2 ) .
Hence, c o n s i d e r i n g  a sm a l l  e le m e n t  o f  t h e  t u b e  S x ,  
h e a t  p a s s i n g  from h o t  gas  t o  m e t a l  w a l l  p e r  u n i t  t im e  "  h^(T~0). 
TTd^.Sx, h e a t  p a s s i n g  from m e ta l  t o  c o ld  ga s  w a l l  p e r  u n i t  t im e  & 
h r f 0 - t ) .  TTdg.Sx, where d[ and d g a re  th e  i n s i d e  and o u t s i d e  
d i a m e t e r s  o f  t h e  t u b e .
Again ,  h e a t  l o s t  by h o t  gas  and t h a t  g a in e d  by c o ld  gas  p e r  
u n i t  t im e ,  i n  p a s s i n g  o v e r  th e  e le m e n t  S x , a r e  -w^SpST' and
r e s p e c t i v e l y .  Si and S£ a r e  t h e  s p e c i f i c  h e a t s  o f  t h e  h o t  
and co ld  gas r e s p e c t i v e l y .
These f o u r  e x p r e s s i o n s  b e i n g  e q u a l  t o  one a n o t h e r ,  i t  f o l l o w s  
t h a t  - w ^ p S T  = h{T  -  0) .  TTdpSx
A gain ,  0 =■ ©i ~ mjx
-  I s .  = h, .: , ? ! *  I  . m ,
Sx W|
Tn t h e  l i m i t  _dT s  5 i _  < T _ m ix )?
dx wt J
o r  a j + h i t T a j  hT-rra.i ■
dx ~ mi x >
L et  h iT T dx s  cx
^  s r
t h e n  dT 4 . ClT s  c i ( © i  -  m1 x) ; 
dx
m u l t i p l y  b o th  s i d e s  by e C^ x
dT
ax
4 e cl x 4  c iT e cl x a c i ( 0 i ~  m i x ) . e cl x
o r  d T . e ° l x +- C l , T . e cl x . dx s  cxCerj -  m ^ )  e ci x. dx
I n t e g r a t i n g  b o th  s i d e s
Teci x 28 J*c l  ( V ) e cl ? d x +  C,
Cl9 l ' — lX “  cl ml / x e ° l x dx 4- e .
f  01To f i n d  Jx e cl x a x>
we have  / x e cl x dx ® 1 . x e cl x -  1 / e cl  
J  c i
K 1 x e cl x -  1 , e c i x 
Ci of
hence  T e c^x = 0 i e ci x *■ m i ' . e cl x (x ~ 1. ^ 4  ^ 
(T ©1 + m-^x) e cl x *t mi . e cl x + C
when x •  0 ,  e cl x 88 1, T = T-j_
t i  -  -  mi s  c
c i
x dx
When x = t  , T -  Tg
(Tg -  e ° l  -  m ^ . e 0!  + (Tx -  0 1  -  m )
c i  ^  £ I
(T2 " e 2 “ ^l)e0^ *  (Ti -  &]_- 5 1 ) -  TC^ I e®]?+ %e°l -  e2e°X -
c i  ®1
a n d  s i n c e  tip, J, a (@T ©g)
e cl? = Ti -  -  % 21 ,
t 2 ~ 0 2 ~ Tm.
o r  = lcrge T1 ~ e l  ~ ^y-
T T -  ©2 -  tni 
C1
o r  c i  I  s= l o g e 1 ~ m^ 71  *  ^  #
1 -  f l ( T 2 * ®2)
S ince  a l l  t h e  v a l u e s  in  t h i s  e q u a t i o n  a r e  d e t e r m i n e d  
e x p e r i m e n t a l l y ,  c-^  can be c a l c u l a t e d  most r e a d i l y  by t h e  method 
o f  t r i a l  and e r r o r .
Also hi « ° l s l wl . hence  h T can be c a l c u l a t e d .
TTdi
The mean t e m p e r a t u r e  d i f f e r e n c e  tm^ be tw een  t h e  gas  and th e  
m e ta l  can be c a l c u l a t e d  t h u s
tm- s  w1 S1 (T1 -  T2 )
TTd1 . h 1
th e  mean gas t e m p e r a t u r e  i s  s  f.lL — i (anp ro x )
2 1
P ro c ee d in g  a lo n g  th e  same l i n e s ,  and e q u a t i n g  -WgSgdt t o  hg 
(© -  t)TTcfgfor, i t  can be shown t h a t  a c o n s i d e r a t i o n  o f  t h e  
c o n d i t i o n s  on t h e  co ld  s i d e  o f  t h e  tu b e  would l e a d  t o  s i m i l a r
1 -  2£ (e-o - tg)
e q u a t i o n s ,  v i z .
c i -  lo g  W2 'a ^ ' m^2 i s  h e r e  e q u a l  to  mi)
'* 1 - 2 £  (6l - t i)
2
*. 0 ^ 2 1 1 2  ,
2 r r d 2
tm2= ^2Sg ^ l  * t 2^
TTdg h g
I t  i s  now p o s s i b l e ,  t h e r e f o r e ,  t o  o b t a i n  th e  v a lu e  o f  th e  
r a t e  o f  h e a t  t r a n s m i s s i o n  from gas  t o  g a s ,  namely h0 <* 1 ^
h i  hg
I t  w i l l  be ob se rved  t h a t ,  p r o v id e d  v a l u e s  o f  h i  ahd h 2 a re
a v a i l a b l e  f o r  d i f f e r e n t  ’’mass f l o w , ” a v a lu e  f o r  h0 can a lways be
v a . . c u la te d  i f  n e c e s s a r y .  F u r t h e r ,  were t h e  g ra p h s  o f  hq a g a i n s t
a g a i n s t  ~  and ho a g a i n s t  ^  t o  f a l l  n e a r  enough t o  one a n o t h e r
al  a 2
f o r  a s i n g l e  curve  to  be t a k e n  i n  p r a c t i c e  t o  r e p r e s e n t  b o th
graphs ' ,  t h e n  h w i l l  be a maximum ( f o r  t h e  h i g h e s t  v a l u e  o f  h 2
WT W o
p e r m i s s i b l e )  when hp ■» hg — i . e . ,  when —  -  u n d e r  t h e s e
c o n d i t i o n s  i t  w i l l  be found t h a t  t h e  p e r fo rm a n c e  o f  t h e  h e a t e r  
w i l l  be improved.  The pe r fo rm an c e  on any p r e h e a t e r  can be 
d e f i n e d  as  the  r a t i o
a c t u a l  r i s e  in  t e m p e r a t u r e  o f  co ld  a i r
^  temp-, o f  f l u e  gas e n t e r i n g  hea te rM tem p.  o f  c o ld  a i r  e n t e r i n g  h e a t e r )
Now, in  one p a r t i c u l a r  c a se  where j^ L®5*14,  » 0*58> h} 0*00858,
al  " a 2
h 2 2 0 -00130 ,  ~ 430°F. , T2 » 3 1 9 0 p . , tp  « 7 5 ° F . , t 2 ■ 185°F.  ,
wi k wg «• 0-00212 l b . / s e c . ,  A = h e a t i n g  s u r f a c e  » 2 -016  s q . f e e t .
c o e f f i c i e n t  o f  p e r fo rm an ce  s  -  0 - 3 1 .
Suppose th e  o u t e r  p a s s  where t h e  c o ld  a i r  i s  f l o w in g  were
r e d e s i g n e d  so as to  make i t s  c r o s s - s e c t i o n  a 2 e q u a l  t o  a ^ , so
t h a t  s  ZjL • ( I n  p r a c t i c e ,  s i n c e  wi and w2 a r e  ve ry  n e a r l y
a i  a2 wie q u a l  to  one a n o t h e r ,  - p  w i l l  be v e ry  n e a r l y  e q u a l  t o  wg a s  a 2
1 a 2
i s  d e s ig n e d  e q u a l  t o  a-^.)
Then, on th e  a s su m p t io n  o f  t h e  s i n g l e  g raph  a l r e a d y  
m en t io n ed ,  h 2 w i l l  be e q u a l  to  0 -0 0 8 5 8 ,  and t h e r e f o r e  b ^ w i l l  be 
e q u a l  t o  0 -00429 .
L et  x  d e n o te  t h e  a l t e r e d  t e m p e r a t u r e  o f  t h e  h o t  gas  l e a v i n g
t h e  p r e h e a t e r ,  and y  t h a t  o f  th e  co ld  gas  l e a v i n g  t h e  p r e h e a t e r ,  \  
the  f low b e in g  c o u n t e r - c u r r e n t .
Then Tp -  x s  y tp
x f  y s  Ti + t T = s a g .................................................... (a)
A g a i n , t m , th e  mean t e m p e r a t u r e  d i f f e r e n c e  from h o t  to  c o ld  gas,=
Ti -  y = x -  tp
het m*A ft w^(Ti ~ x)  ^ wS*(y -  t i  )
0• 00429(Tp “ y) X 2-016 « 0 .0212  X 0 .2 4  X (430-x)
o r  8• 66y -  5 - l x  = 1 5 4 0 .............................................(b)
S o lv in g  f o r  x and y from (a) and (b) we have x = 2 0 6 ° F . , 
y  ft 299°F.
Hence t h e  c o e f f i c i e n t  of pe rfo rm ance  -  -  0 -63 .o oo
T h is  shows t h a t ,  by c a r e f u l  d e s i g n i n g  and j u d i c i o u s  c h o ic e
—> ^  p o s s i b l e  to  c o n s t r u c t  a t u b u l a r  h e a t e r  w i th a
perfo rm ance  which w i l l  compare v e ry  f a v o u r a b l y  w i th  t h a t  o f  the  
r e g e n e r a t i v e  t y p e s  on th e  m ark e t ,  which c la im  a c o e f f i c i e n t  o f /

o f  70 p e r  c e n t ,  or  more,  and a re  u s u a l l y  more cumbersome.
The a p p a r a t u s  r e q u i r e d  to  o b t a i n  th e  n e c e s s a r y  d a t a  f o r  th e  
d e t e r m i n a t i o n  of  th e  c o e f f i c i e n t s  h 1; and h 2 p r e v i o u s l y  m en t io n ed ,  
was c o n s t r u c t e d  in  t h e  L a b o r a to r y  o f  th e  M ech an ica l  E n g in e e r i n g  
Department  o f  th e  Eoyal  T e c h n ic a l  C o l l e g e .  A l a r g e  number o f  
e x p e r im e n t s  were c a r r i e d  o u t ,  t h e  f i r s t  s e t  of  t r i a l s  to o k  p l a c e  
about  f o u r  months a f t e r  th e  e r e c t i o n  o f  t h e  p l a n t  and the  second  
s e t  a y e a r  l a t e r ,  t h u s  th e  h e a t - t r a n s m i t t i n g  s u r f a c e s  must have  
become c o a te d  w i th  r u s t  and d u s t .  Each t e s t  was co nd u c ted  w i t h -  | 
g r e a t  c a r e ,  w h i le  v e ry  few o f  t h e s e  l a s t e d  l e s s  t h a n  one h o u r .
The r e s u l t s  o f  t h e s e  t r i a l s  may, t h e r e f o r e ,  be lo ok ed  upon as
r e p r e s e n t i n g  w i th  f a i r  a c c u ra c y  what m ight  be r e a l i z e d  i n  a c t u a l  
p r a c t i c e  w i th  a p r e h e a t e r  o f  a s i m i l a r  t y p e ,  i . e . ,  o f  t u b u l a r  
form. I t  must be p o i n t e d  o u t  a t  t h i s  s t a g e  t h a t  th e  m a t e r i a l  
a v a i l a b l e  d id  n o t  p e rm i t  o f  th e  two a r e a s  o f  f low  aq and a 2  b e in g  j  
anywhere n e a r  t o  one a n o t h e r ,  b u t  th e y  were made>in  th e  r a t i o  ;
0 .00413 to  0 .0365  o r  1 to  8 .8 4 ;  t h i s  w i l l  e x p l a i n  th e  low I
e f f i c i e n c y  o f  0 .3 1  which h a s  been  p r e v i o u s l y  m en t io n ed .  !
To f a c i l i t a t e  t h e  d e s c r i p t i o n  o f  the  p l a n t ,  shown in  F i g . 4 a  
th e  l a t t e r  h a s  been d i v i d e d  i n t o  f o u r  s e c t i o n s  or  e le m e n t s ,  which 
i n  t h e i r  r e l a t i v e  p o s i t i o n s  a re  in  the  f o l l o w i n g  o r d e r : -  (1) th e  '■ 
a i r  h e a t e r f  (2) the  a i r  p r e h e a t e r ,  (3) the  a i r  c o o l e r ,  and (4) j
the  n o z z l e - b o x ?  I
The a i r  h e a t e r  c o n s i s t s  o f  a c o i l e d  p i p e  p l a c e d  i n s i d e  a • j 
c y l i n d r i c a l  s t e e l  s h e l l  l ag g e d  w i th  a s b e s t o s .  One e n d -o f  the  !
c o i l e d  p ip e  i s  co n n ec te d  by a v a lv e  to  t h e  p ip e  f r o m . th e  r e c e i v e r  j 
o f  an a i r  com presso r ,  and th e  o t h e r  end i s  co n n ec te d  to  t h e  i n n e r  i 
p ip e  o f  t h e  p r e h e a t e r  by a p a i r  o.f f l a n g e s  s e p a r a t e d  by means o f  
a t h i c k  p i e c e  o f  a s b e s t o s  s h e e t i n g .
The c o i l  was h e a t e d  by means of  an o r d i n a r y  gas r i n g .
The a i r  p r e h e a t e r  c o n s i s t s  o f  two c o n c e n t r i c  s t e e l  p i p e s .
The a i r  e n t e r s  from t h e  h e a t e r ,  p a s s e s  th ro ug h  t h e  i n n e r  tube  and 
l e a v e s  a t  the  o t h e r  end i n t o  the  c o o l e r ,  r e - e n t e r s  from the  
c o o le r  i n to  the  a n n u la r  space of'  t h e  p r e h e a t e r  and i s  d i s c h a r g e d  
i n to  t h e  a tmosphere  th ro u g h  the  h o z z l e - b o x .  The j o i n t  be tw een /  
fo r  c/thri/s s e t /?/pfes7c//xJZ
( 6 ) .
between  the  i n n e r  p ip e  and th e  c o o l e r  i s  a l s o  o f  t h e  f l a n g e d  
and i n s u l a t e d  t y p e .  T h is  ty p e  o f  j o i n t  was found n e c e s s a r y ,  in  
o r d e r  t o  re d u c e  t o  a minimum t h e  c o n d u c t io n  l o s s e s  which o t h e r w i s e  
caused  d i f f e r e n c e s  o f  10 p e r  c e n t ,  and over  i n  t h e  h e a t  b a l a n c e s .  
The f i g u r e s  employed i n  th e  p l o t  shown in  P i g .  5 a re  d e r i v e d  from 
th o s e  t e s t s  where a d i f f e r e n c e  o f  l e s s  t h a n  10 p e r  c en t . -  o b t a i n e d  
Hn t h e  h e a t  b a l a n c e ,  which may be a c c o u n te d  f o r  by r a d i a t i o n  and 
c o n d u c t io n  l o s s e s .
The a i r  t e m p e r a t u r e  a t  e n t r a n c e  to  t h e  p r e h e a t e r  and a t  the  
n o z z le - b o x  was measured  by m ercury  t h e r m o m e t e r s . i n s e r t e d  d i r e c t l y  
i n t o  th e  a i r  c u r r e n t ,  w h i l s t  a t  the  o t h e r  t h r e e  p o i n t s  i n d i c a t e d  
m ercury  the rm om eters  were p l a c e d  in  t h i n  s t e e l  p o c k e t s  i n s u l a t e d ,  
from the  s t e e l  c o n t a i n e r s .  The t e m p e r a t u r e  o f  th e  m e ta l  o f  the  
in n e r  tube  was measured  by means o f  th e r m o c o u p le s ,  o f  copper  and 
C ons tan tan  w i r e s ,  p l a c e d  a t  the  two ends o f  t h e  p i p e ,  b u t  q u i t e  
c lo s e  t o  th e  o u t e r  p i p e .
The c o o l e r  i s  s imply  a sm a l l  h i g h - s p e e d  w a t e r - c o o l e d  
condense r  w M c b  p e r m i t s  t h e  c o o le d  a i r  b e in g  m a in t a in e d  a t  a 
f a i r l y  c o n s t a n t  t e m p e r a t u r e  b e f o r e  r e - e n t d ' r i n g  th e  p r e h e a t e r .
The n o z z l e - b o x  i s  a c y l i n d r i c a l  c a s t i n g  abou t  6” diam. X 
10'” lo n g ,  f i t t e d  w i th  a therm om eter  a t  the  t o p ,  a p r e s s u r e  tube  
a t  the  bo t tom ,  and a n o z z l e - p l a t e  a t  t h e  end, w h i le  f i n e  w ire  
gauze d i s c s  a re  p laced '  a t  i n t e r v a l s  i n s i d e  t o  b r e a k  up th e  f low 
o f  th e  incoming a i r ,  and a l lo w  i t  t o  come t o  r e s t  b e f o r e  b e in g  
d i s c h a r g e d  th ro ug h  a smooth c o n v e rg e n t  n o z z le  i n t o  the  
a tm osphere .  Pi n o z z l e ,  i n' i n  d i a m e t e r ,  was u s e d ,  th e  a i r  
t e m p e r a tu re  in  th e  box was m easured  by a m ercury  thermometer  
w i th  th e  b u lb  d i r e c t l y  exposed  to  th e  a i r ,  and th e  a i r  p re s s i i r e  
r e g i s t e r e d  by a column o f  m ercu ry .
The method adop ted  in  c o n d u c t in g  th e  e x p e r im e n t s  was t o  
h e a t  th e  a i r  b e fo r e  i t s  e n t r a n c e  to  the  p r e h e a t e r  and t o  m a i n t a i n  
i t  a t  a t e m p e r a tu re  as c o n s t a n t  as p o s s i b l e  once the  a i r  used  was 
f low in g  a t  a s te a d y  r a t e .  Next ,  th e  a i r  l e a v i n g  th e  p r e h e a t e r  
was cooled  to  a p r e d e t e r m in e d  t e m p e r a tu re  b e f o r e  i t s ’ r e - e n t r a n c e  
to  the  p r e h e a t e r  and m a in ta in e d  a t  t h i s  t e m p e r a tu re  th ro u g h o u t  
a l l  th e  t e s t s .

( 7 ) .
The a i r  q u a n t i t i e s  were v a r i e d  from t e s t  t o  t e s t ,  b u t  t h e  
above t e m p e r a t u r e  c o n d i t i o n s  were m a i n t a i n e d  t h r o u g h o u t  t h e  one 
s e t  o f  e x p e r i m e n t s .  Severa l  s e t s  were c a r r i e d  o u t  w i th  
d i f f e r e n t  i n i t i a l  h o t - a i r  t e m p e r a t u r e s .  The v a l u e s  o f  h i  and hg 
were deduced as  h a s  been  i n d i c a t e d  p r e v i o u s l y ,  and t h e s e  have  
been p l o t t e d  on a b a se  o f  m assf low  in  F i g .  5.
Another  s e r i e s  o f  t e s t s  h a s  been  c a r r i e d  ou t  w i th  th e  c o ld
a i r  f lo w in g  in  t h e  i n n e r  tu b e  and th e  h o t  a i r  in  t h e  a n n u la r  
sp ace ,  bu t  on ly  t h e  co ld  s i d e  h a s  been  d e a l t  w i th  and t h e r e f o r e  
only  hg a p p e a r s  on t h e  g ra p h .  The main r e a d i n g s  f o r  t h e s e  t e s t s  
a re  shown in  Table  C in  t h e  Appendix,
I t  w i l l  be n o t i c e d  t h a t  t h e  r a t e  o f  h e a t  t r a n s m i s s i o n  from
m eta l  to  a i r  does  n o t  seem t o  be a f f e c t e d  t o  any c o n s i d e r a b l e  
e x t e n t ,  w h e th e r  th e  f low i s  a n n u la r  or f u l l  b o r e ,  as  i n d i c a t e d  
by the  f u l l  l i n e ;  whereas  t h e r e  i s  an a p p r e c i a b l e  d i f f e r e n c e  
be tween h i  and hg e s p e c i a l l y  a t  t h e  h i g h e r  v e l o c i t i e s ,  as  shown 
by t h e  r e l a t i v e  p o s i t i o n s  o f  t h e  b roken  and f u l l  l i n e s ;  n e i t h e r  
does a v a r i a t i o n  o f  100°F. in  th e  i n i t i a l  t e m p e r a t u r e  o f  th e  
h o t  a i r  seem t o  a f f e c t  t h e s e  c o e f f i c i e n t s  to  any g r e a t  e x t e n t .
In  c o n c l u s i o n ,  t a k i n g  i n t o  acco u n t  a l l  t h e  p o s s i b l e  f a c t o r s ,  
bo th  known and unknown, which may in  p r a c t i c e  a f f e c t  th e  r e s u l t s  
which any p l a n t  i s  l i k e l y  t o  y i e l d ,  t h e  a u th o r  i s  o f  o p i n io n  
t h a t  th e  f u l l - l i n e  graph g iv en  i n  F i g . 16 may be s a f e l y  u se d  by 
d e s i g n e r s  i n  t h e  maimer s e t  f o r t h  e ls e w h e re  in  t h i s  T h e s i s  .
I t  h a s  b een  p o i n t e d  o u t  i n  t h e  I n t r o d u c t i o n ,  t h a t  ( f o r  
steam and w a t e r ) ,  p l o t t i n g  o v e r a l l  r a t e s  o f  h e a t  t r a n s m i s s i o n  on 
a base^ of  m assf low  f o r  one of  th e  f l u i d s  does  n o t  a lways y i e l d  
s a t i s f a c t o r y  r e s u l t s .  Yet f o r  p r a c t i c a l  p u r p o s e s  t h i s  i s  a most  
d e s i r a b l e  p ro c e d u re  and sh o u ld  be done w hereve r  p o s s i b l e .  I t  i s  
t h u s  r e l e v a n t  a t  t h i s  p o i n t  to  f i n d  o u t  th e  ap p rox im a te  speed  a t  
which th e  w a te r  s i d e  c e a s e s  to  a f f e c t  th e  o v e r a l l  r a t e  o f  h e a t  
t r a n s m i s s i o n  when ”a i r  t o  w a t e r ” a r e  t h e  f l u i d s  co n ce rn e d .
To t h a t  end Tabl e  D h a s  been  com pi led .
Column (1) i n d i c a t e s  a i r  m ass - f lo w  r a t e s '  w;
a
Column (2) I n d i c a t e s  h a ( a i r  t o  m e ta l )  from t h e  p r e c e d i n g
e x p e r i m e n t s .

Columns (3) to  (7) i n d i c a t e  h Q o v e r a l l ,  f o r  h w (w a te r  to
m e t a l ) as d e r i v e d  from J o r d a n 1 s c u r v e s ,  t h e s e  em brac ing  
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Tn f i g  (6) the  r e s u l t i n g  o v e r a l l  r a t e s  have  been p l o t t e d  on 
a base  o f  a i r  s p e e d s ,  and. i t  i s  s u f f i c i e n t l y  e v i d e n t  t h a t  f o r  
w a te r  speeds  below about  0 .1 6  f t / s e c  (g * 1 0 ) ,  i t  i s  n o t  
a d v i s a b l e  t o  d i s c a r d  th e  e f f e c t  o f  t h e  w a te r  sp eed .
P. Boyds h a s  c a r r i e d  ou t  a c o n s i d e r a b l e  number o f  e x p e r im e n t s  
on o v e r a l l  h e a t  t r a n s m i s s i o n  from a i r  t o  w a t e r ,  and in  h i s  Book:-  
"Heat T ra n sm is s io n  by R a d i a t i o n ,  C onduc t ion  and C o n v e c t io n ” he 
s t a t e s ,  on p a g e s  178 t o  1 7 9 : -  ” Lt i s  p r o b a b l e  t h a t  in  most  o f  
t h e s e  e x p e r im e n t s ,  ( a i r  t o  w a t e r ) ,  t h e  v e l o c i t y  o f  t h e  w a te r  was 
below th e  c r i t i c a l  v a l u e ” An i n s p e c t i o n  o f  f i g .  79 page 178,  
( lo co  c 1t . ) ,  w i l l  show t h a t  th e  l i m i t s  chosen  f o r  f i g u r e  (6) 
cover  most o f  Boyds ' e x p e r im e n t s .
Now, u s i n g  th e  o v e r a l l  h Gv a l u e s  o f  Boyds w i th  hwv a l u e s  f o r  
w a te r  a t  the  speeds  used  by Boyds and Campbell in  t h e i r  
e x p e r im e n t s ,  d e s c r i b e d  in  a p a p e r  to  th e  I n s t i t u t i o n  o f  E n g in e e r s  
and S h i p b u i l d e r s  i n  S c o t l a n d  ("The p o s s i b i l i t i e s  o f  f l u e  gas  
econom isers  on board  s h i p ” ) ,  v a l u e s  o f  1% f o r  a i r  t o  m e ta l  have 
been d e r iv e d  and t h e s e  a re  shown i n  f i g  7, w i th  J o r d a n ' s  f i g u r e s  




( 9 ) .
APPLICATION TO INDTTSTFIAL APPARATUS 
I NVOLVING THE TRANSMISSION 0F P EAT FR OM 
ATP TO METAL .
The most  im p o r t a n t  o f t h e s e  may he c l a s s e d  as  f o l l o w s : -
1. (a) B o i l e r s ,  (h) E co n o m ise r s ,  (c)  S u p e r h e a t e r s  and
H e s u p e r h e a t e r s .
2 . .  E xhaus t  gas  b o i l e r s .
3. A ir  p r e h e a t e r s  f o r  (a)  b o i l e r  p l a n t s ,  (b) m u f f l e s .
4. Air  c o o l e r s  f o r  a i r  c o m p re s so r s .
1 .  (a) and ( b ) . These have  been d e a l t  w i th  by N ic o l s o n  and o t h e r s ,  
(c) These w i l l  be c o n s i d e r e d  i n  t h e  second p a r t  o f  t h i s  T h e s i s ,
in  c o n n e c t i o n  w i th  s u p e r h e a t e d  s team .
2. Exhaus t  gas  b o i l e r s  o r  w a te r  h e a t e r s ,  and 4, a i r  c o o l e r s  f o r
a i r  c o m p re s so r s ,  o f  the  t u b u l a r  t y p e .
Only th o s e  h a v in g  th e  h o t  a i r  o r  g a se s  i n s i d e  th e  t u b e s  and 
the  w a te r  on th e  o u t s i d e  w i l l  be c o n s i d e r e d .  The t u b e s  used  may 
be o f  th e  f o l l o w i n g  t y p e s r -
P l a i n  p a r a l l e l  t u b e s ,  t a p e r e d  t u b e s ,  Serve t u b e s  e i t h e r  
p a r a l l e l  or  t a p e r e d ,  p a r a l l e l  o r  t a p e r e d  t u b e s  f i t t e d  w i th  
P e t a r d e r s .
F i r s t  i t  i s  n e c e s s a r y  t o  a s c e r t a i n  how the  o v e r a l l  r a t e  o f  
h e a t  t r a n s m i s s i o n  v a r i e s  w i th  the  a i r  speed f o r  t h e  p l a i n  
p a r a l l e l  t u b e s ,  .Serve t u b e s ,  and t u b e s  f i t t e d  w ith  r e t a r d e r s .  I t  
i s  assumed o f  cou rse  t h a t  th e  w a te r  speed  w i l l  be above th e  l i m i t  
m ent ioned  p r e v i o u s l y .
F o r t u n a t e l y , c u rv e s  a re  a v a i l a b l e  to  meet t h e s e  c a s e s ,  and 
they  i n d i c a t e  t h a t  th e  o v e r a l l  r a t e , h 0 | can be e x p re s s e d  as  a 
f u n c t i o n  o f  |L, such asu h Q ■ k ( | I ) n .
Taking- th e  most g e n e r a l  case  o f  th e  t a p e r e d  tube  o f  which 
the  p a r a l l e l  i s  on ly  a s p e c i a l  c a s e ,  th e  f o l lo w in g  development  
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( 1 0 ) .
C on s id e r  a s h o r t  l e n g t h  Sx o f  th e  tube  a f t e r  a s e c t i o n  
d i s t a n t  x from t h e  o r i g i n  t ak e n  a t  e n t r a n c e  o f  t h e  h o t  f l u i d  t o  
th e  t u b e ,  I . e . ,  a t  t h e  l a r g e r  end ,  where T , 9 , t ,  a r e  t h e  t em p er ­
a t u r e s  o f  th e  h o t  g a s ,  m e ta l  and w a te r  r e s p e c t i v e l y . °F.
From th e  geometry  o f  t h e  tube  we have  ^1 -  ^ ^  j ^
x I
d i  -  d 0  i s  th e  r a t e  o f  t a p e r  o f  t h e  t u b e ,  l e t  t h i s  be d e n o te d
— r —
by nr, t h e n  d = dp -  rax.
Let  wp t= th e  r a t e  o f  gas  f low  in  l b / s e c .
Si » s p e c i f i c  h e a t  a t  C.p.  f o r  th e  g a s ,  in  B.Th.U.,[lb.,OF).
l e t  ST » f a l l  in  t e m p e r a t u r e  o f  gas w h i le  f lo w in g  o v e r  th e  
e l e m e n ta r y  s u r f a c e  a re a  T T d . S x . s q . f t .
S ince  th e  c r o s s  s e c t i o n a l  a r e a  v a r i e s  c o n t i n u o u s l y  a lo n g  th e  
l e n g th  o f  the  t u b e ,  l e t  h be th e  v a lu e  o f  th e  r a t e  o f  h e a t  
t r a n s m i s s i o n  a t  the  c o n s i d e r e d  s e c t i o n ,  so t h a t
h .  T T d . $ x . ( T ~  t )  ^ - w p S p S T * .................................................................(1)
a g a in  w-jSUTt-  T) -  w2 U i  -  t ) , ..........................................................(2)
"  " 1 + h ~  1 = wl S l  _ !
n -  T “ wTT
“ i’14 T + t]_ - 1 _ H2 e r
Tp -  T \ h
(T -  t )  -  (Tt -  t x ) = (wiSx -  w2 )(  Ti -  T)
w2
.* .  (T -  t )  « r . ( T p  -  T) +■ (Tp -  tp )
h .  TTd. Sx . _1_ e _______ - J > 1 _______________  . . . . ( 3 }
w-, s-, r (Tp -  T) + (T[ -  t ,  )
-  Sto r  l c ( ! l ) n .TT. (d  - w x ) .  f c  V J _  s --------------------- , _____
a v>m ^  r(Tp -  T) + (Tp -  Tp)
or  in  th e  l i m i t
S / p m  i T < i v 5 s )  d i
£  ( ^ n - !  TTta, -  . « )  V (2J  
( T f .  (df-mx) 2*1
I  ( W l p - 1 4 i - 2 n - d 7
Splap/  • -  . (1  -  mx) . dx ■ = —:--------w t t ------------r  • •
I n t e g r a t i n g ,  we J iav e : -  ^  r (Tp~ T) (Tp -  tj)
"■ — 1 \  4 f i \ f ^ f n  ,
s 1 Vsp' <il’ i f   _ L ----r  = l l c g f r ( T 1- T )  + (T1-  p l+c
- ( 2  -  Sn) v  e‘ . /  < (g)
X  n  0  T  =  r p ^  t
_ k / ^ y n—1 .
S ]  M  • in ( 2 - 2 n ) =  ?  l 0 g e  ( ? 1 "  U )  +  C ,
( I I ) .
Ix  ® t» rp =: To
• _  K  f™-] i loggJrC T ,  -  T^+(TX-  %)}+ C,
S1 ^a1  ^ m ( 2 - i n ; v  -g^
•. |  ( ! i ) n- '  4 { l - ( l - m t ) 2- 2nU  l l 0ge
ht  8 1  m(2-2n) 1 3^  J r  ( T t -  t-] )
expanding  (1 -  Tnl)2_2f  to  th e  2nd pow er ,
3 1
w ( — )n ^ 4___f(2 -2n )™ l _ ( 2 - 2 n ) ( l - 2 n )  , _
' & 1  r r r ( 2 - 5 t r )  1 <3l  8  J  "
| l o g e r (T i -  Td + ( T i - _ t l l ,  .
( T i -  t x)
i , ^ >n"i ^ i + a f i ' ^ ] = ■ ■ ■">
T his  e q u a t i o n  i s  a p e r f e c t l y  g e n e r a l  one .  and th e  
p a r t i c u l a r  case  o f  any o f  th e  t u b e s  en um e ra ted  above can be e a s i l y  
d e r iv e d ;  b u t  i t  i s  p e rh a p s  a d v i s a b l e  t o  s i m p l i f y  t h i s  f u r t h e r  by 
e x p r e s s in g  r  as  a f u n c t i o n  o f  w, and t e m p e r a t u r e s  o f  h o t  and c o ld
f l u i d s .
Thus :
w1 §1 “ w2 _ wl s l
W£ wg
now w g ( tp -  t 2 ) = w iS i ( T i*  T 2 )
r  -  ( t p -  ^ 2 ) *“ (Tp- Tg)
Tp- Tg
and th e  r i g h t  hand s i d e  o f  e q u a t i o n  (6) r e d u c e s  t o
  • n -  Tg 1o_ f .  . ( t i -  t g )  -  (Ti -  Tg) 1 .
(Tg- t s ) - ( T { -  t p  Se | l +  ( T i -  t x ) J
o f  h . - 1 ? — 1 ioff„ r i _ t i  .
(T i -  t f - f T g -  to )  Tg- t g
T^e e q u a t io n  i s  t ^ e n  in  i t s  f i n a l  form.
|  ( I l f f  i ld+ S n-!  • d i - d o ^  TI- T2 . . . .  Tl“ H  . . (?)Si a i  a p  T— g -  l 0 g e T g - T i
It
Should i t  be a q u e s t i o n  of  an e x h a u s t  gas  b o i l e r  i t  i s  
p o s s i b l e  to- use  h e a t  t r a n s m i s s i o n  r a t e s  o f  a i r  to  w a te r  s i n c e  
the  m o le c u la r  w e igh t  and s p e c i f i c  h e a t s  o f  a i r  and av e rag e  f l u e  
g ases  a re  abou t  equal.:  t h i s  d e te r m i n e s  t h e  v a lu e  o f  th e  index  n.
Again in  t h a t  case  t h e  t e m p e r a t u r e  o f  t h e  w a te r  s i d e  may be 
ta k e n  as c o n s t a n t ,  when tp  = t g  and th e  e q u a t i o n  f u r t h e r  s i m p l i f i e s  
t o :
|  ( n f - 1 i l j i + g n - U d l - ^ p  .  l o g  ....................................17a)
ai d i*  2 d i  * Tg- t ,
Tf p a r a l l e l  t u b e s  a re  t o  be u s e d ,  dp s  dg
and §._fwl l n“ 1 « l o g e Tt -  t,
^  k d  ' T i= - t ,  . . . . . . . .  (Tt,)
U n le ss  n i s  l e s s  t h a n  t h i s  f u n c t i o n  i s  g r e a t e r  t h a n  1.. As a 
r u l e  n i s  g r e a t e r  t h a n  t h e r e f o r e  the  t a p e r i n g  h a s  t h e  e f f e c t  
o f  r e d u c i n g  th e  l e n g t h  o f  tu b e  r e q u i r e d  f o r  a g iv e n  i n i t i a l  tube
d ia m e te r  and a g iv e n  v a lu e  o f  111/1.
a,
Whether or  n o t  t h i s  r e d u c t i o n  i s  w or th  v e ry  much may be 
m a t t e r  f o r  c o n t r o v e r s y ,  t h i s ,  however ,  does  n o t  i n v a l i d a t e  in  
any way th e  v a lu e  o f  e q u a t i o n  (7) a s  a p e r f e c t l y  g e n e r a l  
s o l u t i o n  f o r  th e  t r a n s m i s s i o n  o f  h e a t  from a i r  o r  f l u e  g a s e s  t o  
w a te r .
Of c o u rse  th e  e q u a t i o n  a lo n e  does n o t  s u f f i c e  t o  d e te rm in e  
a l l  th e  n e c e s s a r y  s i z e s  f o r  such p l a n t s ,  b u t  i t  must be u sed  
a long w i th  th e  e q u a t i o n s
~ -  a r b i t r a r y  value* or, v a lu e  d e te rm in e d  from c o n s i d e r a t i o n
&
o f  vf a n  power o r  f r i c t i o n  l o s s ,  which ,  i f  t u b e s  of  
s u i t a b l e  d i a m e te r  be chosen ,  w i l l  d e te rm in e  t h e  number 
o f  t u b e s .
T h is  p a r t  o f  th e  prob lem  i s  found i n  most  t e x t  books and i s  
t h e r e f o r e  l e f t  ou t  o f  th e  q u e s t i o n  h e r e .
3. A i r p r e h e a t e r s  o f  th e  t u b u l a r  t y p e .
The use  o f  a curve f o r  o v e r a l l  h e a t  t r a n s m i s s i o n  r a t e s  i s
o u t  o f  th e  q u e s t i o n .  .
The a v a i l a b l e  d a t a  i s  t h e  known r e l a t i o n  h * A f  BS f o r  a i ra
to  m e ta l  o r  m e ta l  to  a i r  which is* n o t  a f f e c t e d  by th e
d i r e c t i o n  o f  f low .
Co n s ide r  t h e . case  o f  p l a i n  p a r a l l e l  t u b e s ,  w i th  th e  same
n o t a t i o n  as b e f o r e ,  and w i th  th e  p i t c h  o f  the  t u b e s  d e n o te d  by p ,
we have f i r s t ,  f o r  e q ua l  m ass - f lo w  r a t e s  a t  any s e c t i o n  Z[l -  ^2
a i  ag>
hence a 2 = a x ( J | )  = S l ( l  -
s in c e  wqlb. f l u e  g a ses  = 1 l b .  fue-l + wglb. c o ld  a i r ,
0 - 8 6 6 p 2  -  H d 2 = H d2 (1  -  L )
4 4
**. 0 ’ 866p2 = T f d 2 (2 -  1 ) .....................................................   . . (8)
"T wl
Also the  h e a t  l o s t  by the  h o t  f l u i d  f low ing  over  th e  e lement
( 13)
o f  s u r f a c e  Sx V. TTd = h .T T d .  Sx(T-e)  = -  wiSq&T
and t h e  h e a t  g a in e d  by th e  c o ld  f l u i d
= h.TTd.Sx(G-t)  = -w2 S2 St.
«T 10 - t
=  2.*. I z iT-0
But > h .TTd. 8x = -  St .
2wl s l  T - t
A !* q , wqs q(Tq~ T) = v/2S g ( t q -  t )  .
-  1 + 2E]j§3- -  t l >~ t  ~ I  = r
v/2S2 Tq~ T
r  = (T -  t ) ~  (Tq~ t x )
Tl -  T
T - t  = r (Tq~ T) + ( T i -  t i )
• ? * hTTd , _ dT
2wqSq ” ~ FTtx- T T  + (Tj.- r r r
On Inri^^n'ffn,
t h i s  r e d u c e s  t o : -
£17-3 d _ 1 l o g  r ( T x-  ^)  + (TX-  t j )
2W1 S! r  e (T l_ t l ) '
o r . s in c e TTd2 _
4
_ m .  . i  = ____— h r J h  lo g  T.i_ -_ h ,
( n ) S i  d (Ti~  q )  -  ( t 2-  t 8 ) ge v  t g
s u b s t i t u t i n g  f o r  h = (A + b3)
4 b K  t  _ T l -  T2 x
V  /  3  ( T l -  t l )  -  (Ta-  t a )  ogs
CL
This  i s  t h e  fu n dam en ta l  e q u a t i o n  f o r  the  r a t i o  l_
d
T l -  t i
Tr“ t 2 . . . (9)
There a re  two f u n c t i o n s  in  the  above e q u a t i o n  (9) which have
a v e ry  g r e a t  b e a r i n g  upon th e  s u r f a c e  a r e a  r e q u i r e d  and upon th e  
0
r a t i o  d ; t h e s e  a re  Tg, th e  o u t l e t  t e m p e r a t u r e  o f  t h e  h o t  g a se s  
and S - , t h e  m ass - f low  r a t e .  I t  i s  no?/ p ro po sed  t o  i n d i c a t e  t h e  
e f f e c t  o f  t h e s e  two f a c t o r s .
With t h e  same n o t a t i o n  as  b e fo r e
S i d  4 w2 ) ( T j -  T2 ) = s 2w2 ( t x-  t 2 )
and Sqv/q i s  n e a r l y  e q u a l  to  S2w2
T l -  Tg = t x-  t 2
o r  Tq- t i  “ Tg- Tg ( n e a r l y )
. . Mean Temp, d i f f e r e n c e  t m *= Tq- tq  “ Tg- t g .




a g a i n :
a i d  + w2 ) d i -  t 2 ) = h 0 . ( t 2-  t 2 )M
W2
where h 0 = o v e r a l l  r a t e - o f  h e a t  t r a n s m i s s i o n  = -g-(A + Bgr)&
where M = h e a t i n g  s u r f a c e  in  squa re  f e e t j
.  .  M =  S- j  ( 1  4 -  w o )  • - - - - - - - - —- - - - - - -  • ^ . 1 " ’ ^ 2 )
^  2 ' i ( A  + E g )  n 2 - 1 2 )ag
Assuming an average  v a lu e  o f  15 l b .  o f  g a se s  p e r  l b .  o f
f u e l ,  and 0*26 f o r  th e  s p e c i f i c  h e a t ,  and a f u e l  comsumption r a t e
o f  1 l b / s e c . ,  the  h e a t i n g  s u r f a c e  M i n  s q u a r e - f e e t  i s  g iv en  b y : -
M “ - 8 —56 . f ( t ) ...................................................................... (9)
A 4 Bw2
where f ( t )  -  Tq~ Tg (10)
T'2~ ^2
Tp i s  u s u a l l y  a bou t  800°F, and t g  a bou t  70°F.  w i th  t h e s e  two 
a r b i t r a r y  v a l u e s  i n s e r t e d  in  (10) 
f ( t )  = 800 -  Tg
? 2 ~ 79
t h i s  f u n c t i o n  h a s  been p l o t t e d  i n  f i g  (9) on a b ase  o f  T g . ( O u t l e t
t e m p e r a t u r e  o f  t h e  f l u e  g a s e s ) .
By t a k i n g  a s e r i e s  o f  v a l u e s  f o r  ( from 1 t o , 8 ) ,  and
r e a d i n g  o f f  f i g  16 t h e  c o r r e s p o n d in g  v a lu e s  o f  (A 4 B 2£) , th e9-2
h e a t i n g  s u r f a c e  M can be c a l c u l a t e d  f o r  any p a r t i c u l a r  o u t l e t
t e m p e r a t u r e  o f  f l u e  g a s e s .
Thus w i th  -  4 ,  (A 4 55 0*0061
f o r  T2 -  400°F, f ( t )  = 1*212
, M = x  1*212 « 1660 s q . f t .  f o r  each  l b .  o f  f u e l
*0061 b u r n t / s e c .
F ig  10 (a )  shows th e  e f f e c t  o f  t h e  m ass - f low  r a t e  on the  
h e a t i n g  s u r f a c e  r e q u i r e d  f o r  v a r i o u s  o u t l e t  t e m p e r a t u r e s  o f  f l u s  
g a s e s ,  r a n g i n g  from 250°F to  500°^,  and f i g  10(b)  shows more 
c l e a r l y  t h e  e f f e c t  o f  lo w e r in g  the  o u t l e t  t e m p e r a tu re  o f  the  
f l u e  g a s e s .
The im portance  o f  t h e  two f a c t o r s :  m ass- f low  r a t e  and 
o u t l e t  t e m p e r a tu r e  o f  th e  f l u e  g a se s  i s  w e l l  i l l u s t r a t e d  by the  
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PREHEATING OF AIR OF COMBUSTION 
PROBABLE FURNACE 'TEMPERATURES
In th e  case  o f  a- b o i l e r  n o t  f i t t e d  w i th  any s o r t  of  
eco n o m iz e r ,  t h e  f l u e  g a s e s  on l e a v i n g  the  b o i l e r  a re  d i s c h a r g e d  
i n t o  the  a tm o sp h e re ,  c a r r y i n g  w i th  them and d i s s i p a t i n g  a 
q u a n t i t y  o f  h e a t ,  which may be as much as  35 t o  40 p e r  c e n t ,  o f  
t h e  h e a t  g e n e r a t e d  by th e  combus tion  o f  the  f u e l .  By i n t r o d u c ­
in g ,  t h e r e f o r e ,  e i t h e r  a f ee d  w a te r  h e a t e r  o r  an a i r  h e a t e r  in  
the  p a th  o f  the  f l u e  g a s e s  a f t e r  t h e i r  e x i t  from th e  b o i l e r ,  a 
c e r t a i n  p r o p o r t i o n  of  t h i s  h e a t  may be r e c o v e r e d ,  and e x p e r i e n c e  
now shows t h a t  i t  i s  p r e f e r a b l e ,  from s e v e r a l  p o i n t s  o f  v iew, to  
make u se  o f  an a i r  h e a t e r  f o r  t h a t  p u rp o s e .
L e t  w = the  w e igh t  i n  l b .  o f  a i r  used  p e r  l b .  o f  f u e l ,  Cp*°
the  s p e c i f i c  h e a t  a t  c o n s t a n t  p r e s s u r e  o f  th e  f l u e  g a s e s .  L e t  
a l s o  Tp = th e  t e m p e r a t u r e  o f  the  g a se s  l e a v i n g  the  b o i l e r  w i th  
no p r e h e a t e r  and Ta = th e  t e m p e r a tu re  o f  th e  a tm o sp h e r ic  a i r ,  
t h e n  th e  h e a t  l o s t  w i l l  be (w + l)Cp(Tq~ i’a)*
i
I f  a p r e h e a t e r  i s  now f i t t e d  to  th e  b o i l e r  and Tp = th e  
new t e m p e r a tu r e  o f  the  g a ses  l e a v i n g  the  b o i l e r  and e n t e r i n g  the  
p r e h e a t e r  and To ■ th e  t e m p e r a tu r e  o f  ga se s  l e a v i n g  the  p r e h e a t e r ,
t h e  h e a t  l o s t  u n d e r  t h e s e  c o n d i t i o n s  w i l l  be (w + l ) c p ( T ^ -  Ta ) .
T h e r e f o r e ,  the  h e a t  saved -  (w + l ) c p ( T q -  Tg) p e r  l b .  o f
f u e l ,  and n o t  (w i  l ) c p ( T i ~  T2 ) , as  might  a t  f i r s t  s i g h t  be 
supposed .
The immediate e f f e c t  o f  th e  i n t r o d u c t i o n  o f  h o t  a i r  i n to
th e  f u rn a c e  i s  an i n c r e a s e  in  th e  t e m p e r a tu re  o f  the  f u r n a c e .
T h is  i n c r e a s e ,  however ,  i s  by no means e q u a l  to  the  r i s e  in  the
te m p e r a tu re  o f  the  a i r  su p p ly ,  bu t  i s  a f u n c t i o n  o f  i t  and of  th e
o r i g i n a l  t e m p e r a t u r e  o f  the  f u r n a c e ,  as th e  f o l lo w in g  w i l l  sliow:- 
L e t  0q = t e m p e r a tu re  o f  the  f u e l  b e fo re  com bus t ion ( ° F . a b s . )  , 
S1 = s p e c i f i c  h e a t  o f  the  f u e l  .(BTKll.Ib/Fj
C -  c a l o r i f i c  v a lu e  pe r  l b .  of the  fuel.lBTtfi
9 = t e m p e r a tu re  o f  the  p r o d u c t s  a f t e r  combust i o n  ( ° F .  aos.)
c.n = s p e c i f i c  h e a t  o f  t h e  p r o d u c t s  a t  c o n s t a n t  p r e s s u r e ,
w^ ~ weight  of a i r  used p e r  l b .  of  f u e l .
Ta = t e m p e r a tu re  o f  th e  atmosphere  ( ° F . a b s . ) ,
Sa ~ s p e c i f i c  h e a t  o f  a i r  a t  c o n s t a n t  p r e s s u r e  (871.1/.Ib-'rj
T o ta l  h e a t  s u p p l i e d  t o  th e  fu rn a c e  p e r  l b .  o f  f u e l  b e fo r e
combustion = Sl 6 i  + w3a Ta + C ..............................................................(1)
T o t a l /
( 16)
T o t a l  h e a t  g e n e r a t e d  d u r i n g  com bus t ion  « h e a t  r a d i a t e d  by th e  
b u r n in g  Tael + h e a t  in  th e  p r o d u c t s  o f  combust ion
*= E 4 (w 4 l ) c p . G  . . . . . .  (2)
• * Si0 i4wSaTa 4 C = R 4 (w 4 l ) c p .0 . . . .  ( 3 )
I f  the  a i r  i s  now p r e h e a t e d  by an amount x°F.  , 8 w i l l  now be
i n c r e a s e d  by y ° F . ,  s a y ,  and th e  r a d i a t i o n  from th e  bed w i l l  be
i n c r e a s e d  from E to  R 4 r .
Hence Si©i4 wSa (Ta +  x )4  C = E 4 r  4(w 4 1 ) cp (G + y) - (4)  
s u b t r a c t i n g  (3) from ( 4 ) ,
wSax = r  + (w 4 l ) c p « y .............................................................(5)
r  i s  e v i d e n t l y  h e r e  a f u n c t i o n  o f  th e  fu rn a c e  t e m p e r a t u r e ,  and 
t h e r e f o r e  a l s o  a f u n c t i o n  o f  y.
L e t  i t  be assumed t h a t  a l l  th e  h e a t  r a d i a t e d  by th e  b u rn in g  
bed o f  f u e l  i s  f i n a l l y  r e c e i v e d  by th e  b o i l e r ;  and,  f u r t h e r ,  t h a t  
t h i s  r a d i a t i o n  takes-  p l a c e  a c c o rd in g  t o  th e  f o u r t h  power law of  
S t e f a n  and Boltzmann,  so t h a t  i f  T i s  th e  f u rn a c e  t e m p e r a tu re
and T0 t h a t  o f  th e  b o i l e r ,  in  °F .  a b s . ,
R = k t F 4-  T04 ) f o r  f i 1’3'1' s e ^ c o n d i t i o n s  . . ( 6 )  11 1
B 4 r  » k(T 4 y-‘— T04 ) f o r  the  second s e t  o f  c o n d i t i o n s  . . . ( 7 )
S u b t r a c t i n g  (6) from ( 7) ,
r  = k (4T3y 4 6T2y24 4T.y3 ) ..............................................   (8)
o r  r  = kT4 ( M  4  + _4.yf)
' T t^T'
N e g le c t in g  th e  3rd  te rm  r  » kT" / 4y f * * • * (°)
' T "T^”
S u b s t i t u t i n g  in  (5) we have
wSax -  kT4 (4jr + -T^ )  4 (w 4 l ) c py . • . (10)
This  i s  a s e r i e s  o f  p a r a b o l a s ,  th e  v e r t i c e s  o f  which a re  a l l
ve ry  remote from th e  o r i g i n ,  and th e  p o r t i o n  of  the  curve which 
i s  o f  i n t e r e s t  i s  a lm os t  s t r a i g h t — i . e . ,  n e g l e c t i n g  th e  y 2 term 
,4kT3 4, w 4 1  c-r \
< i s r  ~ r ~  y x  .................................. (11)
M. Bozak, (memoirss de l a  Socie 'te  des I n g e n i e u r s  C i v i l s  de 
F r a n c e ,1 9 2 3 ) ,  from a s e r i e s  o f  e x p e r im en ts  on a b o i l e r  p l a n t ,  
h a s  been a b le  t o  p l o t  th e  c u rv e s  r e p r e s e n t e d  by e q u a t io n  (10) 
above, and from t h e s e  r e s u l t s  a s u i t a b l e  v a lue  o f  k f o r  e q u a t io n  
(11) i s  0*135 ... 10~9 .
Again,  s i n c e  cp and Sa a re  very n e a r l y  e q u a l  to one
w 4 1 (
•  -w I
= ( 0 - 2 2 5  10"*8 —  4 1)  y . . . ( 12)
 C -a n o th e r  we can w r i t e   -------- . = 1 and e q u a t i o n  (11) red u c es  toba
( 1 7 )
T his  e q u a t i o n  g i v e s  th e  i n c r e a s e  i n  f u r n a c e  t e m p e r a t u r e  t o  be 
e x p e c te d  from a d e f i n i t e  amount of  p r e h e a t i n g ,  and shows t h a t  
t h i s  i n c r e a s e  i s  s m a l l e r  th e  h i g h e r  t h e  o r i g i n a l  fu rn a c e  
t e m p e r a t u r e .
Thus, i f  th e  a i r  i s  p r e h e a t e d  by 4 0 0 ° F . , t h e  i n c r e a s e  in  
the  f u r n a c e  t e m p e r a t u r e  when T = 2000°F. a b s .  i s  182°P., and 
when T -  2500°F. a b s .  i t  i s  1 2 0 ° F . , w i th  an a i r  t o  f u e l  r a t i o  
o f  15*0, in  b o th  c a s e s .
The i n c r e a s e d  fu r n a c e  t e m p e r a t u r e  c a u se s  an i n c r e a s e d  r a t e  
o f  h e a t  t r a n s m i s s i o n  p e r  squ a re  f o o t  of  h e a t i n g  s u r f a c e ,  and 
a l s o  r e s u l t s  in  t h e  t e m p e r a t u r e  o f  t h e  g a s e s  l e a v i n g  the  b o i l e r  
p r o p e r  b e in g  h i g h e r  t h a n  would be th e  c a s e ' w i th o u t  the  
i n t e r p o s i t i o n  o f  th e  p r e h e a t e r .  At th e  same t im e  the  t e m p e r a t u r e  
o f  the  g a s e s  l e a v i n g  th e  p r e h e a t e r  i s  l e s s  t h a n  t h a t  of  t h e  g ase s  
l e a v i n g  th e  same b o i l e r  w i th o u t  a p r e h e a t e r .
I7
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1 = 1+1I t  has  been d e m o n s t r a t e d  t h a t  th e  r e l a t i o n  k h i  ho
O JL &
i s  an im p o r t a n t  one when i n v e s t i g a t i n g  p ro b lem s  i n  h e a t  t r a n s ­
m is s io n ;  i t  h a s  a l s o  been  shown how t h i s  e q u a t i o n  s u g g e s t s  as  
l i n e  o f  r e s e a r c h  th e  d e t e r m i n a t i o n  o f  v a l u e s  o f  h f o r  any f l u i d  
which may r e c e i v e  the  a t t e n t i o n  o f  th e  e x p e r i m e n t e r .
A cho ice  i s  made of  a s u i t a b l e  f i r s t  f l u i d ,  o f  which th e  
v a r i a t i o n s  o f  hq w i th  ^1 have  been  a l r e a d y  e s t a b l i s h e d  (such  as
a J_
a i r )  ; the  second  f l u i d  can be e i t h e r  h e a t e d  o r  co o le d  by th e  
f i r s t ,  and o v e r a l l  v a l u e s  o f  h 0 a re  o b t a i n e d  e x p e r i m e n t a l l y .  I t  
i s  t h e n  a s im ple  m a t t e r  t o  deduce hg and p l o t  t h e s e  v a l u e s  on a 
base o f  £2.
a 2
In  t h i s  s e c t i o n  o f  th e  work a i r  was th e  f i r s t  f l u i d ,  and 
su p e r h e a t e d  s team th e  seco nd .
In  o r d e r  t o  r e n d e r  th e  r e s u l t s  more c o n c lu s iv e . ,  t h e  
e x p e r im e n ts  were grouped  as  f o l l o w s : -
(a) E x p e r im e n ts  g i v i n g  d i r e c t l y  v a l u e s  of  h g •
(b) E x p er im en ts  g i v i n g  d i r e c t l y  v a l u e s  o f  tig,  h^ and h Q.
(c)  E x p e r im e n ts  g i v i n g  i n d i r e c t l y  v a l u e s  o f  hg, from t h o s e
i
o f  h 0 and h q .  j
These e x p e r im e n t s  were a l l  c a r r i e d  ou t  on t h e  same a p p a r a t u s ,
w ig .4b
w ith  some m o d i f i c a t i o n s  f o r  g roups  b and c .  The a p p a r a t u s / w a s  
an a d a p t a t i o n  o f  t h a t  u se d  i n  th e  e x p c r im e n t s  w i th  a i r , 
d e s c r i b e d  i n  th e  f i r s t  p a r t  o f  t h i s  t h e s i s .  S a t u r a t e d  s team  from
th e  l a b o r a t o r y  d i s t r i b u t o r  was l e d  i n t o  a s e p a r a t o r  which was 
a l lowed t o  d r a i n  c o n t i n u o u s l y  w i th  a sm a l l  e x c e s s  s team  f l o w i n g , ^  
through  a g a s - h e a t e d  s u p e r h e a t e r  c o i l  where i t  co u ld  be f u r t h e r  [
d r i e d  and s u p e r h e a t e d  i f  n e c e s s a r y .  The d r i e d  steam now e n t e r e d  !
the  s u p e r h e a t e r  e lem en t  p r o p e r  th ro u g h  a r e g u l a t o r  v a l v e . This  
e lement c o n s i s t e d  o f  one s t r a i g h t  l e n g t h  of  s t e e l  t u b i n g .  The 
su p e rn ea ted  s team l e f t  t h e  e lem en t  t h r o u g h  a second  r e g u l a t o r  j
r e g u l a t o r  v a lv e  and was f i n a l l y  condensed  i n  a s m a l l  h ig h  speed  
s u r f a c e  c o n d en se r  which was c a p a b le  o f  d e a l i n g  w i th  th e  l a r g e s t  
q u a n t i t y  o f  s team  u se d  w h i le  s e c u r i n g  ample c o o l i n g  o f  th e  
c o n d e n s a t e .
The c o n d e n sa te  was c o l l e c t e d  and w e ighed .
The c i r c u i t  f o r  t h e  h o t  a i r  was s e n s i b l y  the  same as  i n  the  
a i r  t o  a i r  e x p e r i m e n t s .  The h o t  a i r ,  a f t e r  f l o w in g  th r o u g h  th e  
a n n u la r  space  s u r r o u n d i n g  th e  i n n e r  s u p e r h e a t e r  e le m e n t  was 
d i s c h a r g e d  th r o u g h  a 11 N ozz le -B ox” . The p r e s s u r e  and t e m p e r a t u r e  
of th e  a i r  i n  t h e  n o z z l e - b o x  were t a k e n  t o  e n ab le  t h e  a i r  f low 
to  be c a l c u l a t e d .
Thermocouples  p l a c e d  a t  t h e  ends o f  t h e  s u p e r h e a t e r  e le m e n t  
gave th e  m e ta l  t e m p e r a t u r e s  r e q u i r e d  f o r  the  e x p e r im e n t s  o f  
g roups  (a)  and ( b ) .
The -whole a p p a r a t u s  was c a r e f u l l y  l a g g e d  to  r ed u c e  r a d i a t i o n  
l o s s e s .
The c h i e f  p r e c a u t i o n  o bse rv ed  i n  t h e s e  e x p e r im e n t s  was to  
i n c r e a s e  th e  d u r a t i o n  of  each  t e s t ,  i n  o r d e r  to  e n su re  a 
r e a s o n a b l e  q u a n t i t y  o f  s team to  be c o l l e c t e d .
From th e  o u t s e t  i t  was r e c o g n i s e d  t h a t  d i f f i c u l t i e s  would be 
e n c o u n te r e d  from r a d i a t i o n  e f f e c t s ,  and t h e  f i r s t  e x p e r im e n t s  
c onf i rm ed  t h i s  e x p e c t a t i o n .  The h o t  a i r  t e m p e r a t u r e s  were too  
h ig h  and a r e a s o n a b l e  h e a t  b a la n c e  cou ld  n o t  be s t r u c k .  
C a l c u l a t i o n s  i n d i c a t e d  however t h a t  th e  v a l u e s  o f  h g ,  from 
s u p e r h e a t e d  s team  t o  m e t a l ,  were abou t  double  th o se  o f  h q ( a i r -  ■ 
m e ta l )  f o r  e q u a l  m ass - f low  r a t e s  ( § ) .  T h is  was of  c o u rse  q u i t e  
r e g u l a r ,  from R e y n o ld s '  Law, a s  th e  s p e c i f i c  h e a t  o f  s team  a t  
c o n s t a n t  p r e s s u r e  i s  a p p ro x im a te ly  tw ic e  t h a t  o f  a i r .
I t  was t h e r e f o r e  d e c id e d  t o  c o n t in u e  w i th  t h e  e x p e r im e n t s  
and d e a l  w i th  th e  s team s i d e  o n ly .  Table E, i n  th e  a p p en d ix ,  
shows f o u r  t e s t s  which came u n d e r  group ( a ) . The d i s c r e p a n c y  i n  
the  h e a t  b a la n c e  i s  i n d i c a t e d .
a
Table F, a l s o  in  th e  a p p e n d ix ,  shows the  a ve rag e  r e a d i n g s  
t o r  the  r em a in d e r  o f  th e  t e s t s  c a r r i e d  ou t  und e r  group ( a ) . In  
s e r i e s  B and C, th e  p r e s s u r e  o f  t h e  s team was t h a t  o f  the  j
/**/*/</?/ryftg
th e  a tm osphere  w h i le  t h e  i n i t i a l  t e m p e r a t u r e  v a r i e d  from an 
av e ra g e  o f  238°F i n  s e r i e s  B t o  2 4 5 ° F . i n  s e r i e s  C. In  th e  n e x t  
s e r i e s  D, th e  s team p r e s s u r e  was i n c r e a s e d  t o  24 l b / s q . i n . a b s . , 
and th e  i n i t i a l  t e m p e r a t u r e  was a l s o  i n c r e a s e d  t o  250°F. The
r a t e s  o f  h e a t  t r a n s m i s s i o n  from m e ta l  to  s u p e r h e a t e d  steam-, as  
deduced from t h e s e  e x p e r i m e n t s ,  have been  p l o t t e d  on a b ase  o f  
m ass - f lo w  r a t e  and f i g .  11 i s  th e  r e s u l t .
The p l o t s  av e rag e  up t o  a s t r a i g h t  l i n e ,  i n  ag reem ent
w i th  t h e  fu n dam en ta l  law o f  Osborne R e y n o ld s ' s h  = A .
I t  was now e s s e n t i a l  to  c o n f i rm  th e  f i g u r e s  o b t a i n e d  from
t h e s e  e x p e r im e n t s  by more t e s t s  w i th  c l o s e r  h e a t  ba lances . .  
A c c o r d in g ly ,  th e  t e s t s  in  group- b were c a r r i e d  o u t ,  w i t h  a 
r a d i c a l  m o d i f i c a t i o n  i n  th e  a p p a r a t u s : t h e  o u t e r  p ip e  was 
removed, and a s m a l l e r  one,  1*62" i n t e r n a l  d i a m e t e r ,  was sub­
s t i t u t e d ,  g i v i n g  a 79$ r e d u c t i o n  i n  t h e  a n n u la r  a r e a ,  w i th  a 
p o s s i b i l i t y  o f  h i g h e r  a i r  sp e e d s .  In  view o f  the  h ig h  a i r
t e m p e r a t u r e s  r e g i s t e r e d  i n  the  n o z z l e - b o x ,  an a i r  c o o l e r  was
i n t e r p o s e d  between th e  a i r  d i s c h a r g e  from th e  s u p e r h e a t e r  
e le m e n t  and th e  n o z z l e - b o x .
As t h e r e  seems t o  be no r e a s o n  to  suppose t h a t  the  r a t e
o f  h e a t  t r a n s m i s s i o n  from f l u i d  to  m e ta l  shou ld  be d i f f e r e n t  
from th e  r a t e  o f  h e a t  t r a n s m i s s i o n  from m eta l  t o  t h a t  f l u i d ,  
t h e  s team  sup p ly  was h i g h l y  s u p e r h e a t e d  b e f o r e  e n t e r i n g  th e
s u p e r h e a t e r  e le m e n t ,  whi le  c o ld  a i r  was a d m i t te d  t o  t h e  o u t e r
a n n u l a r  sp a c e :  t h u s  c o n v e r t i n g  th e  s u p e r h e a t e r  i n t o  a 
d e s u p e r h e a t e r  o r  a i r  h e a t e r .  T h is  change s u c c e s s f u l l y
f u l f i l l e d  what had been a n t i c i p a t e d :  a r e a s o n a b l e  h e a t  b a la n c e
was o b t a i n e d  th ro u g h o u t  th e  t e s t s .
The average  r e a d i n g s  f o r  t h i s  group a re  g iv en  i n  Table G,
in  th e  a p p e n d i x . .
The r a t e  o f  h e a t  t r a n s m i s s i o n  from steam t o  m e ta l  was 
c a l c u l a t e d ,  as  in  group ( a ) , d i r e c t l y  from the  e q u a t i o n s  .
O2 l  = io g e I T  e i ~ - j e  -2 e T2- e2- a,  .
and hg *= C2^2W2 .
TTd2
as d e r i v e d  f o r  th e  a i r  t o  a i r  e x p e r im e n t s .

( 21 )
These r a t e s  o f  h e a t  t r a n s m i s s i o n  (d e n o te d  by h 2 ) a r e
tl II
p l o t t e d  i n  f i g . 12 on a b ase  . These p o i n t s  c o n f i rm  th e  
average  l i n e  o b t a i n e d  from t h e  e x p e r im e n t s  i n  g roup  ( a ) ,  and 
show t h a t  t h e r e  i s  no s u b s t a n t i a l  d i f f e r e n c e  be tw een  th e  r a t e s  
o f  h e a t  t r a n s m i s s i o n  from f l u i d  t o  m e t a l  and from m e ta l  to  
f l u i d .
The r e a d i n g s  t a k e n  i n  t h i s  s e r i e s  e n a b le d  th e  c o e f f i c i e n t s  
t o  be d e te r m in e d  f o r  t h e  a i r  s i d e .  These were c a l c u l a t e d  and 
p l o t t e d  i n  f i g . 13 .  The p o i n t s  a r e  sho?m r e l a t i v e  t o  th e
a v e rag e  a i r - m e t a l  l i n e  o b t a i n e d  p r e v i o u s l y .  While t h e y  a re
on th e  whole be low  t h e  mean l i n e ,  t h e y  show good ag reem en t  w i th
th e  m e ta l  t o  a i r  r a t e s  o f  f i g . 5.
1 _ 1 x l
L a s t l y ,  i t  was d e s i r e d  t o  t e s t  t h e  r e l a t i o n  r  “ f  T r  •
o 1 2
Hence,  h 0 was c a l c u l a t e d , f i r s t  from t h e  i n d i v i d u a l  r a t e s  
( a f t e r  c o r r e c t i n g  h^ and hg t o  a mean s u r f a c e  a r e a ) , a n d  second  
i n  th e  u s u a l  way, i . e . ,  h e a t  t r a n s m i t t e d  p e r  sq u a re  f o o t  p e r  
second ,  d i v i d e d  by t h e  o v e r a l l  mean t e m p e r a t u r e  d i f f e r e n c e .
The two v a l u e s  a r e  p l o t t e d ,  one a g a i n s t  t h e  o t h e r ,  i n  f i g . 14.
A t h i r d  g roup  o f  4 t e s t s  was u n d e r t a k e n ,  i n  which th e  
m e ta l  t e m p e r a t u r e s  were e x c lu d e d  i n  o r d e r  t h a t  th e  r a t e  o f  
h e a t  t r a n s m i s s i o n  from s team  t o  m e ta l  might  be c a l c u l a t e d  
from t h e  o v e r a l l  r a t e  and from th e  a i r  r a t e  as  t a k e n  from th e  
mean l i n e  i n  f i g .  13..
The r e a d i n g s  a r e  r e c o r d e d  i n  t a b l e  H, i n  th e  a p p en d ix .
The r e s u l t s  o f  t h i s  group a re  p l o t t e d  i n  f i g . 13 r e l a t i v e  
t o  t h e  mean s team  to  m e ta l  l i n e  p r e v i o u s l y  d e r i v e d  from th e  
e x p e r im e n t s  in  g roups  (a)  and ( b ) . Agreement betY/een th e  two 
m etho d s , i . e . , t h e  d i r e c t  and th e  i n d i r e c t ,  i s  now w e l l  
e s t a b l i s h e d .
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APPLICATION TO INDUSTRIAL APPARATUS 
INVOLVING THE TRANSMISSION OF HEAT FROM 
SUPERHEATED STEM TO METAL.
DESUPERHEATERS OR LAST-STAGE FEED WATER,HEATERS' UTILIZING 
SUPERHEATED STEAM.
In  sm a l l  m ar in e  t u r b i n e  p l a n t s  u s i n g  s team  w i th  a f a i r l y  
h ig h  s u p e r h e a t  and f i t t e d  w i th  a u x i l i a r i e s  d r i v e n  by r e c i p r o c a t  
ing  e n g i n e s ,  t h e  steam su p p ly  to t h e s e  a u x i l i a r y  e n g in e s  h a s  t o  
be Hd e s u p e r h e a t e d M, as  t h e s e  a re  n o t  u s u a l l y  s u i t a b l y  d e s ig n e d  
t o  u t i l i z e  s u p e r h e a t e d  s team .  I n  such c a s e s  e i t h e r  s e a  v/ater  
o r  th e  f e e d  v /a ter  i t s e l f  may be used  as  c o o l i n g  a g e n t .  In  
e i t h e r  case  th e  speed  o f  th e  c o o l i n g  l i q u i d  w i l l  c e r t a i n l y  no t  
be t h e  f a c t o r  c o n t r o l l i n g  th e  o v e r a l l  r a t e  of h e a t  t r a n s m i s s i o n
A com par ison  be tw een  t h e  h i g h e s t  v a lu e  o f  h SJ f o r  s team ,
w
which i s  l i k e l y  t o  be a d o p te d ,  0 ‘Oi  ^ (a = 3) and th e  lo w e s t  
p r o b a b l e  v a lu e  o f  h w, f o r  w a t e r ,  0 * ^ ( f  " 8 0 ) ,  w i l l  show t h a t  
t h e  o v e r a l l  r a t e  i s  l i k e l y  t o  be s m a l l ,  0*00955, and t h e r e f o r e  
p r a c t i c a l l y  dep en den t  on th e  r a t e  o f  f low o f  t h e  s u p e r h e a t e d  
s team ,  This  low v a lu e  o f  th e  o v e r a l l  r a t e  o f  h e a t  t r a n s m i s s i o n  
r e q u i r e s  t o  be compensated by r e l a t i v e l y  l a r g e  c o o l i n g  s u r f a c e s .
For  example :  t o  d e s u p e r h e a t  1 l b .  o f  s team p e r  second,  a t
250 I b / s q . i n . a b s . ,  120°F s u p e r h e a t  ( s p e c i f i c  h e a t  0*586) ,  would
r e q u i r e  = 7360 square  f e e t  o f  s u r f a c e ,  w i th  l°F .m ean0*00955
t e m p e r a t u r e  d i f f e r e n c e .  With th e  s a t u r a t i o n  t e m p e r a tu re  o f  th e  
s team  a t  401*2°F. and an ave rage  v/ater  t e m p e r a tu re  o f  80°F, the  
mean t e m p e r a t u r e  d i f f e r e n c e  would be a p p ro x im a te ly  380°F and 
hence  th e  s u r f a c e  r e q u i r e d  v/ould be about  19*3 s q . f e e t  p e r  l b .  
o f  s team .
On t h e  o t h e r  hand  i f  th e  c o o l in g  agen t  v/as th e  fee d  w a te r  
i t s e l f ,  th e  mean t e m p e r a tu r e  d i f f e r e n c e  would be s m a l l e r  and 
the  c o o l i n g  s u r f a c e  would have t o ' b e  ex tend ed  in  p r o p o r t i o n .
Suppos ing  t h a t  t h e  f e e d  w a te r  h a s  a l r e a d y  been h e a t e d  to  a 
t e m p e r a t u r e  o f  250°F,. and t h a t  i t  i s  d e s i r e d  to  h e a t  i t  up 
f u r t h e r  t o  t h e  s a t u r a t i o n  t e m p e r a tu re  o f  th e  steam i n  t h e /
( 2 3 ) .
t h e  b o i l e r ,  and t h a t  t h i s  i s  done by s u p e r h e a t e d  s team 
e x t r a c t e d  from th e  main s team  p i p e ,  t h e n  th e  s u r f a c e  a r e a  
r e q u i r e d  would depend upon w he ther  t h e  l a t e n t  h e a t  d f  th e  
s team i s  a v a i l a b l e  o r  n o t .
Case ( a ) :  The l a t e n t  h e a t  i s  a v a i l a b l e .
Q u a n t i t y  o f  s team r e q u i r e d / l b .  f e e d  $ _J^2lb. = 0*175 l b .
H - h 1
where H 83 t o t a l  h e a t / l b .  o f  s u p e r h e a t e d  s team  a t  th e
c o n d i t i o n s  a l r e a d y  s p e c i f i e d :  250 l b / s q . i n . a b s .  
120°F = 1280 B.Th.U. 
h-^- l i q u i d  h e a t / l b .  w a te r  a t  s a t u r a t i o n  temp. -  
376-3 B.Th.U.
l i q u i d  h e a t / l b .  w a te r  a t  250°F = 2 1 8 - 5  B.Th.U.
I f  th e  h e a t e r  be r e g a r d e d  as made up o f  two h e a t e r s  i n  
s e r i e s ,  t h e  f i r s t  becomes a d e s u p e r h e a t e r , and th e  second a 
s u r f a c e  c o n d en se r  working  a t  250 l b / s q . i n . a b s .
The v a lu e  t o  be a s s i g n e d  t o  h 0 f o r  the  d e s u p e r h e a t e r  p a r t  
w i l l  be t h a t  c o r r e s p o n d i n g  to  a m ass - f lo w  (§) o f  1 - 5 , g i v i n g  
an  o v e r a l l  r a t e  0*006 B .T h .U / s e c .  p e r  s q . f t .  p e r  °F .
The a u t h o r  had an o p p o r t u n i t y  t o  examine th e  perform ance
o f  a t r i p l e  e x p a n s io n  pumping e n g in e ,  in  which r e h e a t i n g  of  
th e  c y l i n d e r  steam*was a cc om pl ish ed  by s u p e r h e a t e d  steam 
e x t r a c t e d  from th e  p ip e  s u p p ly in g  th e  e n g in e .  The q u a n t i t y  o f  
s u p e r h e a t e d  s team  a c t u a l l y  u sed  on t e s t  and th e  d im ens ions  of  
t h e  r e h e a t e r s  a l lo w e d  t h e  p r o b a b le  m ass - f lo w  r a t e  f o r  the  
h e a t i n g  s team  t o  be c a l c u l a t e d :  T h is  f i g u r e  was l e s s  th an  1 .
I t  i s  t h e r e f o r e  a d m i s s ib l e  t h a t  1*5 i s  about  as  h ig h  a mass-  
f lo w  as would be a l lo w ed  i n  t h i s  i n s t a n c e .
S u p e r h e a t  l o s t  by s team K 0-586  X 120 X 0*175 ■ 12-3 B .T h .U / lb .
f e e d .
L a t e n t  h e a t  l o s t  by steam = 833 X 0*175 = 145*5 B .T h .U / lb . f e e d .
. 1 . t e m p e r a t u r e  r i s e  o f  f eed  due t o  c o n d e n sa t io n  of
s team  « 1 3 9 . 8°F n e a r l y .
& t e m p e r a t u r e  r i s e  due t o  l o s s  o f  s u p e r h e a t  o f  steam 
= 11-4°F  n e a r l y .
.* .  on th e  s team s i d e  o f  th e  d e s u p e r h e a t in g  s u r f a c e  the  mean
steam  t e m p e r a tu r e  w i l l  be about  -g—— — “ 461°F
o n /
( 24)
on th e  w a te r  s i d e  th e  mean w a te r  t e m p e r a t u r e  w i l l  be about  
250 4 140 4 5 = 395°F;  Thus g i v i n g  an ave rag e  t e m p e r a t u r e  
d i f f e r e n c e  o f  461 -  395 = 6 6 °F.
. . C oo l in g  s u r f a c e  r e q u i r e d  f o r  d e s u p e r h e a t i n g
z  Iff.«3.,.. = 31 .1  s o . f e e t  f o r  a f low r a t e  o f
*006 X 6 6  _ _, „ _ /1 l b .  o f  f e e d / s e c .
In  t h e  c o n d e n se r  p a r t ,  an ave rag e  v a lu e  f o r  th e  r a t e  o f
h e a t  t r a n s m i s s i o n  from steam t o  m e ta l  i s  a b o u t  1*0 ( W e b s te r ) ,
and a bou t  0 . 4  f o r  w a te r  a t  a speed  o f  a bou t  2 .5  f e e t / s e c .
. . O v e r a l l  r a t e  o f  h e a t  t r a n s m i s s i o n
-  ___— L a -  0 .2 8 6  B . T h . U . / s e c .  p e r  s q . f t .
  4 —
0 . 4  1 p e r  °F.
The steam t e m p e r a t u r e  on th e  s team  s i d e  i s  4 0 1 . 2°F;
t h e  a v e rag e  w a te r  t e m p e r a t u r e  on t h e  w a te r  s i d e  i s  a bou t
250 4 ^ | r  = 320°F.
. . Mean t e m p e r a t u r e  d i f f e r e n c e  -  4 0 1 .2  -  320 = 8 1 .2
. . C o o l in g  s u r f a c e  r e q u i r e d  f o r  c o n d e n s a t io n
= 2 '86*^X^8 l  2 = s a . f e e t  f o r  a f low r a t e  o f
1 l b .  o f  f e e d / s e c .
. . T o t a l  c o o l i n g  s u r f a c e  r e q u i r e ^  f o r  a f low  o f  1 l b .  o f  
f e e d / s e c .  = 37*38 s q . f e e t ,  o f  which abou t  83$ i s  
n e c e s s a r y  t o  cause  t h e  s team  to  l o s e  i t s  s u p e r h e a t ,  b e fo r e  i t  
w i l l  condense  on t h e  r e m a in in g  17$ o f  th e  c o o l i n g  s u r f a c e .
Case (b ) :  The l a t e n t  h e a t  o f  t h e  s team i s  n o t  a v a i l a b l e .  
T h is  r e d u c e s  o f  c ou rse  to  t h e  d e s u p e r h e a t e r  problem, w i th
a mean t e m p e r a t u r e  d i f f e r e n c e  o f  a bou t  1 3 6 ° F . , 521)
( 250 4- 4 0 1 ) . 2
2
Even a l l o w in g  f o r  a h i g h e r  m ass - f lo w  r a t e  f o r  th e  s u p e r h e a t e d  
s team  and a c o r r e s p o n d i n g l y  i n c r e a s e d  r a t e  o f  h e a t  t r a n s m i s s i o n  of
0 .01  B .T h .U / s e c .  p e r  s a . f t .  p e r  o f . ,  t h e c o o l i n g  s u r f a c e  n e c e s s a r y  
157*8works ou t  a t  --------- = 116 so .  f e e t  f o r  a f low r a t e  o f  1 l b .  o f
•01X136
f e e d / s e c .
These c a l c u l a t i o n s  have been somewhat e l a b o r a t e d  i n  o r d e r  t o  
show t h e  d i f f i c u l t i e s  w i th  which th e  d e s i g n e r  ha s  t o  con ten d ,  
s i n c e  b o th  t h e s e  t y p e s  o f  f ee d  w a te r  h e a t e r s  have been p ro po sed  
f o r  modern s team p l a n t s .
( 25)  .
STEAM SUPEBHEATEBS.
P ro b a b ly  th e  most i m p o r t a n t  a p p l i c a t i o n  o f  h e a t  t r a n s m i s s i o n  
f a c t o r s  f o r  s u p e r h e a t e d  steam i s  i n  th e  d e s i g n  o f  s u p e r h e a t e r s  
and r e h e a t e r s ,  which a re  i d e n t i c a l  so f a r  as  t h e i r  d u t i e s  a re  
c o n c e rn e d .  The p o s s i b l e  d i f f e r e n c e s  i n  t h e s e  two a re  to  be 
found i n  th e  a r ra n g em e n t  o f  th e  t u b e s  and i n  the  p a th  g iv e n  t o  
th e  h e a t i n g  g a s e s .
On one s i d e  o f  t h e s e  t u b e s ,  t h e  h o t  gas  f lo w s  a t  such r a t e s  
which a r e  c a p a b le  o f  i n f l u e n c i n g  t h e  o v e r a l l  r a t e  o f  h e a t  
t r a n s m i s s i o n  t o  a la .rge  e x t e n t ,  on th e  o t h e r  s i d e ,  t h e r e  f low s  
a c o l d e r  gas  a t  r a t e s  which a r e  a lm o s t  e q u a l l y  c a p a b le  o f  
i n f l u e n c i n g  th e  o v e r a l l  r a t e  o f  h e a t  t r a n s m i s s i o n .
In d e e d ,  c o n s i d e r i n g  t h a t  1 l b .  o f  c o a l  r e q u i r e s  an average  
o f  a b o u t  15 l b .  o f  a i r  f o r  i t s  com bus t ion ,  and g e n e r a t e s  abou t  
7 1 1^ . o f  s team ,  th e  r e l a t i v e  w e igh t  o f  g a s e s  to  s u p e r h e a t e d  ^  
s team i s  a b o u t  2 t o  1 .  Again ,  from F i g . 13,  i t  a p p e a r s  t h a t  the  
r a t e  o f  h e a t  t r a n s m i s s i o n  from m e ta l  t o  s u p e r h e a t e d  s team  i s  
a p p r o x im a te ly  tv/ice t h a t  from a i r  t o  m e ta l  f o r  e q u a l  mass f low 
r a t e s .  I t  f o l l o w s  t h e r e f o r e  t h a t  w i th  e q u a l  s e c t i o n a l  a r e a s  of 
f low f o r  th e  g a s e s  and f o r  t h e  s u p e r h e a t e d  s team , the  
i n d i v i d u a l  r a t e s  o f  h e a t  t r a n s m i s s i o n  w i l l  be a b ou t  e q u a l  and 
th e  a v e rag e  t e m p e r a t u r e  o f  th e  m e ta l  w i l l  be midway between 
t h a t  o f  t h e  g a s e s  and  s u p e r h e a t e d  s team .
For  i n s t a n c e ,  i f  t h e  a v e rag e  t e m p e r a t u r e  o f  th e  g a s e s  i s  
9 0 0 ° F . , t h a t  o f  t h e  s team 4 5 0 ° F . , t h e  mean m e ta l  t e m p e r a tu re  
w i l l  be abou t  675°F.
Should  a h i g h e r  steam t e m p e r a tu r e  be d e s i r e d  t h a n  i s  
im p l i e d  by th e  450°F- above,  t h e n  th e  steam speed w i l l  have to  
be i n c r e a s e d  i n  o r d e r  t o  r e d u c e  th e  t e m p e r a t u r e  d i f f e r e n c e  on 
t h e  steam s i d e ,  and r e t a i n  th e  t e m p e r a t u r e  o f  t h e  m e t a l , w i t h i n  
t h e  s a f e  l i m i t s  r e q u i r e d  by th e  e l a s t i c  p r o p e r t i e s  of  the
m a t e r i a l .  For  example Dr. A.L. Mellanby and Dr. W» K e r r ,  i n  a 
p a p e r ,  **The use  and economy o f  h ig h  p r e s s u r e  s team p l a n t s  , 
s u g g e s t  as a l i m i t i n g  steam te m p e r a tu re  abou t  850°F. a t  a
p r e s s u r e  o f  1 0 0 0  l b / s q . i n . a b s .  ( s a t u r a t i o n  t e m p e r a tu re  5 4 7 0 f J
T h i s /
( 26)
T his  would mean an av e rag e  steam t e m p e r a t u r e  o f  abou t  6 9 0 ° F . . 
hence  t h e  s team  speed would have  to  be r a t h e r  h i g h  i n  o r d e r  t o  
b r i n g  down th e  mean m e t a l  t e m p e r a t u r e ,  and t h i s  speed  would 
have  to  be m a i n t a i n e d  e s p e c i a l l y  a t  t h e  l i g h t e r  l o a d s  when th e  
s team  f low  i s  l i k e l y  to  d e c r e a s e .  Such h i g h  speeds  may have 
s e r i o u s  e f f e c t s  on th e  p r e s s u r e  d ro p s  t h ro u g h  th e  t u b e s  o f  t h e  
s u p e r h e a t e r .
T h is  s a f e g u a r d i n g  o f  t h e  m e t a l  from o v e r h e a t i n g  a t  a l l  
l o a d s  h a s  been  a c h ie v e d  in  th e  L o f f l e r  h i g h  p r e s s u r e  b o i l e r  i n  
a v e ry  p o s i t i v e  manner,  by what i s  known a s  th e  "Steam Pumping 
P r o c e s s " .  In  t h i s  p r o c e s s ,  s team  i s  p rod u ced  i n  an e v a p o r a t o r  
o r  v a p o r i z e r  t o  s t a r t  w i t h ,  t h i s  s team i s  th en  h i g h l y  s u p e r ­
h e a t e d  in  s p e c i a l  s u p e r h e a t e r  t u b e s .  P a r t  o f  th e  s u p e r h e a t e d  
s team  i s  l e d  to  th e  e n g in e s  and p a r t  o f  i t  i s  r e t u r n e d  t o  t h e  
v a p o r i z e r  to  e v a p o r a t e  th e  r e q u i s i t e  q u a n t i t y  o f  s team f o r  the  
c y c le  o f  o p e r a t i o n s .  A pump i s  u sed  between th e  v a p o r i z e r  and 
th e  s u p e r h e a t e r  c o i l s  t o  m a i n t a i n  a p o s i t i v e  c i r c u l a t i o n .  When 
s t a r t i n g  up ,  th e  s u p e r h e a t i n g  i s  c a r e f u l l y  c o n t r o l l e d  by 
re d u c e d  f i r i n g ,  b u t  once s t a r t e d ,  th e  c o n t r o l  o f  t h e  s u p e r ­
h e a t i n g  i s  e f f e c t e d  by v a r y i n g  th e  speed  o f  the  pump so as to  
m a i n t a i n  a v e r y  h ig h  m ass - f lo w  r a t e  i n  th e  c o i l s  a t  a l l  l o a d s .
The normal  working  p r e s s u r e  of  t h i s  b o i l e r  i s  abou t  1400 
l b / s q .  i n . a b s . , and th e  mean v/orking s team t e m p e r a t u r e  880°F.
The a v e rag e  speed  o f  the  s team i n  t h e  s u p e r h e a t e r  c o i l s
i s  abou t  65 f t / s e c .
Under t h e s e  c o n d i t i o n s  h a r d  o p e n - h e a r t h  s t e e l  t u b e s  v/ere
found  to  be q u i t e  s a t i s f a c t o r y .
A s u p e r h e a t e r  d e s i g n  f o r  a lo co m o t iv e  b o i l e r  w i l l  now be
c o n s i d e r e d .
As a g e n e r a l  p r o p o s i t i o n  a 4 - f lo w  e lem ent  type  w i l l  be 
assumed, u s u a l l y  known as  a  "Schmidt  S u p e r h e a t e r " ,  and f i t t e d  
in  th e  to p  t h r e e  o r  f o u r  rows o f  smoke t u b e s  o f  a locom o t ive  
b o i l e r .
L et  A and a be t h e  c r o s s  s e c t i o n a l  a r e a s  o f  f low i n  one 
l a r g e  f l u e  tube  c o n t a i n i n g  th e  s u p e r h e a t i n g  e le m e n t s  and in  
o n e /
one o f  t h e  s m a l l e r  f l u e  t u b e s  r e s p e c t i v e l y ,  s q . f t ;
L e t  P and p be t h e  c o r r e s p o n d i n g  p e r i m e t e r s ,  f t ;
P^ and Pg t h e  p e r i m e t e r s  o f  t h e  m e ta l  i n  c o n t a c t  w i th  
w a te r  and s team  r e s p e c t i v e l y  in  th e  l a r g e  t u b e s ,  such t h a t
W and w t h e  w e ig h ts  o f  gas  f low  p e r  tu b e  p e r  h o u r ,  f o r  
l a r g e  and sm a l l  t u b e s  r e s p e c t i v e l y ,  l b ;
N t h e  number o f  l a r g e  f l u e  t u b e s  and n th e  number o f  
sm al1 f 1 ue tu b e  s ;
G t h e  t o t a l  w e ig h t  o f  f l u e  g a s e s ,  l b / h o u r ;
S th e  l b .  o f  s team  e v a p o r a t e d  p e r  l b .  o f  c o a l .
In  v iew o f  t h e  f a c t  t h a t  t h e  members c o n s t i t u t i n g  the  one 
s u p e r h e a t e r  e le m e n t  a r e  u s u a l l y  o f  u neq u a l  l e n g t h s  and do no t  
e x t e n d  f o r  th e  whole l e n g t h  o f  t h e  f l u e  t u b e ,  t h e  f o l l o w i n g  
w i l l  be assumed to  meet t h e  c ase  w i th  s u f f i c i e n t  a c c u r a c y ,  f o r  
p r a c t i c a l  d e s i g n .
(a)  t h e  l e n g t h  o f  t h e  e le m e n t  i s  th e  mean o f  th e  i n d i v i d u a l  
l e n g t h s ;
(b) t h e  t e m p e r a t u r e  d rop  from f u r n a c e  end t o  smoke box end i s  
th e  same f o r  l a r g e  and sm a l l  t u b e s ;
(c)  t h e  p r e s s u r e  d rop  from f u r n a c e  t o  smoke box i s  th e  same 
f o r  l a r g e  and sm a l l  t u b e s ;
(d) t h e  h e a t  a b so rb e d  by th e  w a te r  s u r r o u n d in g  th e  tube  i s  
p r o p o r t i o n a l  t o  t h e  m e ta l  s u r f a c e s  i n  c o n t a c t  w i th  the  
w a t e r .
Assumption  (c )  l e a d s  t o  th e  key e q u a t i o n
I f  H and h a r e  h e a t  l o s t  by th e  f l u e  g a s e s  p e r  hour  i n  l a r g e  
and sm a l l  t u b e s  r e s p e c t i v e l y ,  B.Th.U;
G
. . (1)
Again NW + nw = G from (1) NW ='
G
G
( 2 8 ) .
i f  Hw = h e a t  t o  v /a ter  from l a r g e  t u b e s ,  p e r  h o u r ,  B .Th.U;
5 ^  = from a s su m p t io n  (d) h np
hence  H - ( P ) i . ( A *
Tw r  a rw
ffw ^  =  x .............................................   • ( 3 )
Now, i f  Hs = s u p e r h e a t  t a k e n  i n  p e r  h ou r  by s team  
Hs = H -
. " . H S = 1 - H W = 1 _ 1
H H *
or Hj. = H(1 - j ) .......................................................... (4)
L et  gCp = mean s p e c i f i c  h e a t  o f  t h e  f l u e  g a s e s ,  a t
a p p r o x i m a t e ly  c o n s t a n t  p r e s s u r e ;
and Tg th e  t e m p e r a t u r e s  o f  th e  f l u e  g a s e s  a t  f i r e b o x
end and smoke box end r e s p e c t i v e l y ;
t h e n  H =. NW • gCpCTp- T2 ) .
H
( I i -  To) -  ------- — -  ,  ,....................  ( 6 )-  gcp . ( i  -  l j n r n r
I t  must  be borne  i n  mind t h a t  t h e  s team a s  s u p p l i e d  by 
th e  b o i l e r  to  th e  s u p e r h e a t i n g  e l e m e n t s  i s  by no means d r y ,  
and o f  a d r y n e s s  f r a c t i o n  v/hich may n o t  e a s i l y  be d e te rm in e d  
b u t  an  a v e rag e  f i g u r e  might  be assumed as  c o n s i s t e n t  as  
p o s s i b l e  w i th  t h e  u s u a l  working  c o n d i t i o n s  o f  t h e  b o i l e r .
The q u a n t i t y  Hg , as  u se d  above ,  i s  meant t h e r e f o r e  t o  cover  
t h e  a d d i t i o n  o f  t h e  l a t e n t  h e a t  n e c e s s a r y  to  dry  th e  s team 
p r i o r  to  i t s  b e in g  s u p e r h e a t e d ,  ove r  and above th e  
s u p e r h e a t  p r o p e r .
L e t  Q = t o t a l  c o a l  consum ption  in  l b / h o u r  
t h e n  s t e a m /h o u r  = QS l b .
L e t  "wg" f o r  t h e  s team  s i d e  83 k l b / s e c  p e r  s q . f t .  o f  c r o s s
a s u
s e c t i o n a l  a r e a ,  t h e n  N m - — a s  ..............................  (e), 3600 k . a s
Wnerc 3-s— CrOssse<zWov\<xl ave-a oF Superheater . . .  .I t  r em a ins  t o  d e v e l o p  an a d d i t i o n a l  e q u a t io n  to  d e te rm ine
th e  l e n g t h  o f  each  e l e m e n t .
The d i f f i c u l t y  h e r e  l i e s  i n  t h e  a r rangem en t  o f  each limb
o f  t h e  s u p e r h e a t e r  e le m e n t .  While t h e  f l u e  g a ses  m a i n t a i n  a
s im ple  u n i fo rm  p a t h ,  t h e  s team flow i s  p a r t l y  in  th e  same
d i r e c t i o n  as  t h e  f l u e  g a s e s  and p a r t l y  in  th e  o p p o s i t e
d i r e c t i o n .  An e x a c t  s o l u t i o n  f o r  the  mean t e m p e r a t u r e /
( 29 )
t e m p e r a t u r e  d i f f e r e n c e  would t h e r e f o r e  be an e l a b o r a t i o n  n o t  
q u i t e  j u s t i f i e d  by th e  a p p ro x im a t io n s  s t a t e d  a t  t h e  b e g in n i n g  
o f  t h e  p rob lem .
I t  i s  p r o b a b ly  q u i t e  sound t o  t a k e  t h e  average  
t e m p e r a t u r e  o f  th e  s team  be tween  t h e  two l i m i t s  o f  o u t l e t  and 
i n l e t  t e m p e r a t u r e s  and s u b t r a c t  t h i s  from th e  mean t e m p e r a tu re  
o f  t h e  f l u e  g a s e s .  C a l l i n g  t h i s  mean t e m p e r a t u r e  d i f f e r e n c e ^ ,  
t h e  o v e r a l l  r a t e  o f  h e a t  t r a n s m i s s i o n  h 0 B .T h .U / s e c . ,  p e r  s q . f t . ,  
p e r  op.  , t h e  h e a t i n g  s u r f a c e  Ps I. , where I  E mean l e n g t h  o f  
each  member o f  one e l e m e n t ,  t h e n  (
h 0 • Tm . N.-: Ps . £ .  = Hs .......................................... (-7 )
3600
R e c a p i t u l a t i n g
Prom ( 1 ) 1 =  ( P ) i  ( A J  
w p * a
Prom (3) X = (E ) l  ( f ) \  (£w)s
PW P
H*
Prom (5) -  x ) = ^ ( T l _ Tjj)
From ( 6 ) F = 3 8 b o ’t . a s  
From (7) C =
3600.ho .Ttn' '^ s^
and l a s t l y ( 8 ) NW + nw = G.
These s i x  e q u a t i o n s  p r o v id e  a complete  s o l u t i o n  t o  th e
/
p rob lem .
P r o b a b ly  th e  most im p o r t a n t  o f  t h e s e  e q u a t i o n s  i s  ( 6 ) ,
where th e  number o f  e le m e n t s  and k  v a l u e s  must be such as  to
e n s u re  the  m e ta l  t e m p e r a t u r e  r e m a in in g  w i t h i n  s a fe  l i m i t s  a t
a l l  l o a d s .  The f l u c t u a t i o n  of  th e  t e m p e r a tu re  o f  th e  m e ta l
must  be k e p t  sm a l l ,  i n  o r d e r  to  p r e v e n t  undue f a t i g u e  from the
r e p e a t e d  and u n e q u a l  c o n t r a c t i o n  and e x p a n s io n .  I t  h a s  been
shown i n  the  i n t r o d u c t i o n  t h a t  i f  T = t e m p e r a tu re  o f  h o t  f l u i d ,
-O- = t e m p e r a t u r e  o f  m e ta l  w a l l  and t  = t e m p e r a tu re  of  cold
f l u i d  a t  any s e c t i o n ,  t h e n   ----- — ~  , where hq and hg a re  the
■9- ~ t  hg
r a t e s  o f  h e a t  t r a n s m i s s i o n  from m e ta l  to  co ld  f l u i d  
( s u p e r h e a t e d  s t e a m ) ,  and from h o t  f l u i d  ( f l u e  gases), t o  m eta l  
r e s p e c t i v e l y . ’
T a k in g /

( 30 )
Taking  T = 1400°F, t  = 700°F,  -0- h a s  been  p l o t t e d  a g a i n s t
hi hi—1 i n  f i g .  15,  i t  w i l l  be seen  t h a t  r a t i o s  o f  —  v a r y i n g .  
h 2 n 2
from 10 t o  50 m ust  be p r o v i d e d  f o r  i n  th e  d e s i g n  i n  o r d e r  t o  
l i m i t  t h e  range  o f  f l u c t u a t i o n  o f  th e  m e ta l  t e m p e r a t u r e .

CONCLUSION. '
The main o b j e c t  o f  t h i s  t h e s i s  i s  the  d e t e r m i n a t i o n  o f  the  
r a t e  o f  h e a t  t r a n s m i s s i o n  betv/een a i r  and m e t a l ,  and s u p e r ­
h e a t e d  s team and m e t a l .  T h is  o b j e c t  h a s  been  a c h i e v e d  and 
f i g . 16 shows th e  r e s u l t s ,  th e  o u t s t a n d i n g  f e a t u r e  of  which i s  
th e  c o n f i r m a t i o n  o f  th e  R e y n o ld 1s law .  • -
The r e l a t i v e  p o s i t i o n s  o f  th e  l i n e s  in  f i g .  16 a l s o  show 
t h a t  th e  r a t e s  o f  h e a t  t r a n s m i s s i o n  betv/een f l u i d s  and m e ta l  
s u r f a c e s  a re  p r o p o r t i o n a l  t o  th e  s p e c i f i c  h e a t s  o f  t h e s e  
f l u i d s ,  p r o v i d e d  t h e r e  i s  no change o f  s t a t e  (such  as  from 
l i q u i d  to  v a p o u r ) ,  and th e  v e l o c i t i e s  o f  the  f l u i d s  a re  h i g h e r  
t h a n  th e  c r i t i c a l .
F i g . 16 h a s  been  drawn a f t e r  due a l low ance  had  been  made fo r  
th e  lo w e s t  p o i n t s  in  th e  p r e c e d i n g  p l o t s ,  and forms what might 
be te rm ed a working  c h a r t  f o r  d e s ig n  p u rp o s e s .
The f u l l  a p p l i c a t i o n  o f  t h e s e  im p o r ta n t  c o e f f i c i e n t s  h a s  
a l s o  been  i n d i c a t e d  in  c o n n e c t io n  w i th  the  d e s ig n  of  
i n d u s t r i a l  p l a n t s .
The q u e s t i o n  of  p r e s s u r e  d rops  in  a l l  the  p r a c t i c a l  
a p p l i c a t i o n s  c o n s i d e r e d  h a s  been p u r p o s e ly  o m i t t e d  as b e in g  a 
s e p a r a t e  e n t i t y  from th e  p u r e l y  h e a t  t r a n s m i s s i o n  s i d e .
A P P E N D I X . I >
T a b le s  G, E » F ,  G, H» showing t h e  p r i n c i p a l  
r e a d i n g s  and r e s u l t s  f o r  a l l  t h e  t e s t s  which 
have  been  p l o t t e d  on th e  g rap h s  c o n ta in e d  in  
t h i s  t h e s i s .
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^ C o n tr o l l/a /u e .
'N o z z l e .  / V
/k> besfos Cylinder.
APPENDIX H.
P a r t i c u l a r s  o f  a i r  h e a t e r  and n o z z l e  box.
The a i r  h e a t e r ,  f i g . 17,  c o n s i s t s  o f  a s t e e l  p ip e  l "  i n t e r n a l  
d i a m e t e r ,  c o i l e d  i n  th e  form o f  a s p i r a l  o f  f o u r  complete  t u r n s .
One end o f  t h i s  c o i l  A, i s  con n ec te d  t o  the  p ip e  from th e  r e c e i v e r  
o f  an a i r  c o m p resso r ,  by a v a lv e  B, th e  o t h e r  end C i s  co n n ec te d  t o  
th e  i n n e r  p ip e  o f  the  p r e h e a t e r  by a p a i r  o f  f l a n g e s ,  s e p a r a t e d  by 
means o f  a p i e c e  o f  t h i c k  a s b e s t o s  s h e e t i n g .  The shanks o f  th e  
c o n n e c t i n g  b o l t s  a re  s h e a th e d  i n  a s b e s t o s ,  w h i le  t h i c k  a s b e s t o s  
w ash e rs  a re  p l a c e d  u n d e r  th e  head  and n u t  of  each  b o l t .  These 
r e f i n e m e n t s  were made i n  o r d e r  to  r educe  to  a minimum any l o n g i t u d ­
i n a l  c o n d u c t io n  o f  h e a t  a lo n g  th e  l e n g t h  o f  t h e  p r e h e a t e r  e le m e n t .
The n o z z l e  box,  F i g . 18,  i s  a f l a n g e d  c y l i n d r i c a l  c a s t i n g  D,
6M d i a .  x  10" lo n g .  I t  i s  c o n n ec te d  a t  one end to  t h e  a i r  d i s c h a r g e  
p ip e  E, from th e  c o o l e r ,  and a t  th e  o t h e r  end i t  i s  f i t t e d  w i th  a 
cover  F, i n t o  which th e  n o z z l e  N i s  sc rew ed .  Fine wire  gauge d i s c s  
G, p l a c e d  i n s i d e  th e  c y l i n d e r ,  s t e a d y  th e  a i r  f low .  The t e m p e r a tu re  
o f  th e  a i r  i n  f r o n t  o f  th e  n o z z l e  i s  measured  by th e  mercury 
therm om eter  H, w h i le  tube  K, screwed i n t o  t h e  n o z z le  box i s  c o n n e c t ­
ed t o  th e  m ercury  manometer u se d  to  measure th e  p r e s s u r e  o f  t h e  a i r .
The n o z z l e  N i s  o f  th e  c o n v e rg en t  t y p e ,  i "  d i a .  a t  e x i t , ,  w i th  
w e l l  rounded  e n t r a n c e  and "^52" o f  p a r a l l e l i s m  a t  o u t l e t .
The d i s c h a r g e  c o e f f i c i e n t  f o r  th e  n o z z le  was no t  assumed, b u t  
was o b t a i n e d  d i r e c t l y  from e x p e r i m e n t s ,  a s  f o l l o w s .
In  t h e  L a b o r a to r y  where t h e s e  r e s e a r c h e s  were co n d u c ted ,  i s  a 
"Nozzle T e s t i n g ” a p p a r a t u s ,  d e s ig n e d  about  5 y e a r s  ago by P r o f e s s o r  
W. K e r r ,  P h .D . ,  A .R.T .C.  By t h i s  a p p a r a t u s ,  i t  i s  p o s s i b l e  t o  
supply s team , s a t u r a t e d  or  s u p e r h e a t e d ,  a t  d e f i n i t e  p r e s s u r e s  t o  a 
nozzle  sc rew ed i n t o  a removable  p l a t e .  The d i s c h a r g e  f r o m . th e  
n o z z le  i s  condensed  i n  a s u r f a c e  c o n d e n se r ,  w h i le  the  d i s c h a r g e  
p r e s s u r e  can be r e g u l a t e d  by a v a lv e  p l a c e d  on the  d i s c h a r g e  p ip e  
to t h e  con d en se r .  The d i a .  n o z z l e ,  p ro p o se d  t o  measure t h e  a i r  
d i s c h a r g e  was p l a c e d  i n  the  " n o z z le  t e s t i n g "  a p p a r a t u s ;  s team, 
f i r s t  a t  20 l b / i n ® a b s . ,  second a t  25- l b / i n 2 a b s .  w i th  r e l a t i v e l y /
r e l a t i v e l y  h ig h  s u p e r h e a t ,  was p a s s e d  th ro u g h  th e  n o z z l e ;  th e  
d i s c h a r g e  from th e  c o n d ense r  was weighed;  and b o th  su p p ly  and 
e x h a u s t  p r e s s u r e s  were n o t e d  over  c o n s i d e r a b l e  p e r i o d s .  The 
t h e o r e t i c a l  d i s c h a r g e  was c a l c u l a t e d  by means o f  C a l l e n d a r * s  
steam t a b l e s ,  and t h i s  d i v i d e d  i n t o  t h e  a c t u a l  d i s c h a r g e  gave 
the  r e q u i r e d  c o e f f i c i e n t .  I t  i s  t h i s  c o e f f i c i e n t  which was 
u se d  i n  c a l c u l a t i n g  the  a c t u a l  a i r  d i s c h a r g e  from t h e  a i r  p r e -  
h e a t e r ,  by means o f  t h e  u s u a l  fo rm u la  f o r  the  f low  of  g a s e s  
th ro u g h  n o z z l e s .
